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SYSTEM BORON - LITHIUM - NITROGEN (B-Li-N)

INTRODUCTION / EXPERIMENTAL

Information on phase equilibria and compound formation in the

Li-B-N system is due to [59Gou, 6OWen, 61Wen, 66Kud, 69DeV, 72Dev,

86Yam] and [8 Yam], which all agree on the existence of a ternary

compound Li BNa with several pressure modifications (see Table 1).

Heating powder compacts of Li N + BN in a Mo-boat in a stream ofa

nitrogen between 650 to 7000 C was claimed as optimal conditions to

obtain Li BNa [59Gou, 69DeV], the reaction being strongly exothermic

E69DeV]. Melting of Li BN was reported at 870T5°C [59GouJ.

Based on earlier preliminary data by [60Wen, 61Wen], the p-T

diagram of Li BN (Fig.i) was investigated over the pressure and3 2

temperature range from 1.0 to 6.5 GPa and 300 to 19000 C employing

optical and X-ray powder diffraction analysis [69DeV, 72DeVJ. All

experiments were done in pyrophyllite/Ta cells in a belt apparatus

where pressure was applied to a given value and then the temperature

was raised at a rate of 400K/min; temperature and pressure were held

at 10 to 15 min followed by quenching in ' 30 sec with the pressure

still applied.

BINARY SYSTEMS

No iquilibrium diagram is available for the Li-B system; however, a

series of lithium borides exist, which are listed in Table 1. For

details see [84Mair, 890ke, 90Mas3. At 14506C Li B was found in3 S4

equilibrium with ft-boron [84Mai]; a result, which casts doubts on the

existence of phases such as LiB or LiB °, and rather suggests an

extended solubility of Li in boron. There is practically no solubility

of B in Li.

Phase equilibria in the Li-Li N subsystem are given in [90Mas]

revealing Li N as the only stable phase; crystallographic data of Li N

and of the azide LiN are listed in Table 1. Interstitial solubility
of N in Li is very low.



SOLID PHASES / ISOTHERMAL SECTIONS

Agreement exists on the structural modification of Li BN obtained

under 10pa when quenched from the reaction temperature [59Gou, 69DeV,

86YamJ. Slow cooling of a mixture Li N + 1.0 to 1.2 BN, which was

first heated to 9000C, kept at temperature for 7h and cooled to 7000C

at a rate of 1.5 to 3 K/h in a stream of nitrogen, resulted, however,

in a modification [86YamJ different from the one first reported by

[596ouJ (see Table 1).

Fig.1 reveals the formation of two high pressure forms

of Li BN ; Li BN (I) was recognized to be identical with the phase3 2 3 2

labelled "complex" by [60Wen, 6lWen]. Reversibility of the transition
Li BN - Li BN (I) was not established when held at 5500C, 5.5 GPa for

30 min, whereas partial conversion was seen when Li BN (I) was heated3 2

at 7000C in 10 Pa of N for 5h. As it proved unquenchable [69DeV], a2

layerlike structure was suggested for Li BN (II) from optical,3 2

mechanical and thermal properties.
The section Li BN - BN has been investigated by [72DeV] at 5.0 GPa

3 2

and was reported to be pseudobinary revealing a eutectic L ==- Li BNa a
+ cBN at 6 ml %BN at 1610250 C (Fig.2). As the upper limit of the

L+cBN field was observed at 1450T250C, a possible crystal growth

region for cBN is only 1400C, however, the corresponding liquidus is

unfavourably steep. At 15500 C a ternary reaction involving cBN,

Li BN (I), a boron containing phase plus liquid was observed; this

temperature is lower than the first appearance of melt in the

Li BN -BN section (16100 C) and corresponds to the lower limit of cBN
3 2

formation from the reaction Li+BN [66Kud]. A comparision of the

favourable pressure temperature conditions for the production of

cBN using Li N, MgN or Ca N is shown in Fig.3.

MISCELLANEOUS

Infrared spectra of the quenched form of Li BN were interpreted in

terms of [N=B-N]* molecular ions; nearly linear [N=B=N - groups with

B-N double bonds were observed for slowly cooled Li BN [86YamJ.

Li-ion conductivity of a polycristalline sample of slowly cooled

Li 9BNa was 4.10- Sm 1 at 1250C with an activation energy of 64kJ/mol

[85Yam].

2
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Table Is Solid phases in the system B-Li-N

-----------------------------------------------------------------------------

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (aC) Prototype ( pm )

----------------------------------------------------------------------------

fi-Li c12 a- 350.93 [90Mas3

180.5- -1930 Im3m

w

a-Li hP2 a= 311.1 [90Mas3

<-1930 P6 /mmc c= 509.3

Mg

f3-rhB hRIll a=1092.51 [85Vil]

<20920 R3m c=2381.43 [85Vil]

a-rhB hR36 a= 490.9 E85Vil]

<1200 R3m c=1258.2

a-B

LiB tP* a=1016 [890kaJ12

c=1428
LiB

12
LiB [e890ka]

Li B t136 a-1076.4 [84Mai)

I42d c- 894.7 px=2.214 Mgm -'

Li B
a 14LiB 4  c$$ a- 720ce ka

Li B*a. hP25 a= 823.3 tS4Mai)
P6/mmm c- 415.6 pxnl.706 Mgm -,

Li B

LIS tPI6 a- 597.8 [84Mai]
P4/mbm c- 418.8

Li a3 (CaB -deriv.)

LID* - (90k&3



LiB t** a=1391 [890ka]

c= 815

Li B hR1O a= 493 [890ka] or Li B

R3m or 143m

Li B56

Li B C$B [890kaJ

Li N hP4 a= 364.8 [85Vil]

8150 P6/mmm c= 387.5

Li N
a

LiN mC8 a= 562.7 [85VilJ

C2/m b= 331.9

c= 497.9

/t= 107.40

BNhox  hP* a= 250.4 [85Vil

P6 /mmc c= 666.1

BN

*Li BN [598ouJ at 10 Pa,quench

<8700 Li AIN poxp=1.755 Mgm -

* Li BN a  mP24 a= 515.02 [e6Yam3 at 10Paslow c

P2 /c b= 708.24 p OP=1.74 Mgm 3

Li BN c- 679.08
a 2

1I 112.9560

* Li BN (I) - [61Wen, 69DeVJ

>0.7 6Pa -

*LiBNa(II) - [61Wen, 69DeV]

>2.5 GPa

I5

I6



Fig.1. The P -T diagram for LiDN, (after [72DeV)
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Fig.2. The pseudobinary section Li BN - BN at 5 SPa (after [72DeV])
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Fig.3. Comparision of the stability region for cBN using various

catalysts.
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SYSTEM BORON - SODIUM - NITROSEN (B-Na-N)

INTRODUCTION / EXPERIMENTAL

A black powder was obtained when sodium was heated with BN in

sealed quartz capillaries at 4000C for 24h; after washing in ethanol

the product was dark grey revealing new low angle X-ray peaks which

were believed to correspond to intercalation; the formula NaBN t was

obtained from chemical analysis [69Fre].

Hexagonal boron nitride was converted to cBN with sodium at 17500 C

and 9.3 SPa [6OWen].

REFERENCES

[60Wen] R.H.WentorfJr., "Abrasive Material and Preparation Thereof".

US Patent 2947617 GEC, 2.Aug. (1960)

[69Fre) A.G.Freeman and J.P.Larkindale, "Evidence for the Formation of

Boron Nitride-Alkali Metal Intercalation Compounds", Inorg.

Nucl. Chem. Lett. 5 (1969) 937-939
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Table 1: Solid phases in the system B-Na-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (OC Prototype ( pm)

ft-ac12 a= 429.06 [90Mas3

97.86- -2330 Im~m

w
ca-Na hP2 a- 376.7 [90Mas]

<-2330C P6 /mmc c= 615.4

Mg

(?-rhB hRlii a=1092.51 [85Vi1J

<20920 R.3m c=2381.43 [85Vill

ct-rhB hR36 a= 490.9 E85Vil3

<1200 0 R m c=1258.2

BN hxhP* a= 250.4 [85Vil)

P6 /mmc c= 666.1

BNhex

*NaBN - E9FreJ

BN e- intercalation



SYSTEM BORON - POTASSIUM - NITROGEN (B-K-N)

INTRODUCTION / EXPERIMENTAL

A black powder was obtained when potassium was heated with BN in

sealed quartz capillaries at 3000C for 24h; after washing in ethanol

the product was dark grey revealing new low angle X-ray peaks which

were believed to correspond to intercalation; the formula KBNis was

obtained from chemical analysis [69Fre].

Hexagonal boron nitride was converted to cBN with potassium at

17000C and 9.5 SPa [60Wen].

No reaction was observed when potassiumamide and Bn were heated in

sealed iron containers up to 12000C [61GouJ.

REFERENCES

[60Wen] R.H.WentorfJr., "Abrasive Material and Preparation Thereof",

US Patent 2947617 GEC, 2.August (1960)

[69FreJ A.G.Freeman and J.P.Larkindale, "Evidence for the Formation of

Boron Nitride-Alkali Metal Intercalation Compounds", Inorg.

Nucl. Chem. Lett. 5 (1969) 937-939
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Table 1: Solid phases in the system B-K-N
---------------------------------------------------------------------------------

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range ( 0 ) Prototype ( pm

---------------------------------------------------------------------------------

K c12 a= 532.1 [9C)Mas]

<63.710C Im~m

w
r(+-rhB hR1i a=1092.51 [85Vjl)

<2092 0 R ,m c=23ei.43 E85Vil)

(3--B

ot-rhB hR36 a= 490.9 [85Vil)

<12000 R m c=1258.2

BN h hP* a= 250.4 C85Vil]

P6 /mmc c= 666.1

BN o

*KBN E69Frel

BN ho neclto



SYSTEM BORON - MAGNESIUM - NITROGEN (B-Mg-N)

INTRODUCTION / EXPERIMENTAL

Information on phase equilibria and compound formation in the

Mg-B-N system is due to [66Kud, 72Dev, 79Endl, 79End2, 8iSat, BlEly,

89Pik, 89ShiJ and [89Hoh], which all agree on the existence of a

ternary compound MgaBN4 for which two modifications have been observed

[8iEly, 89Pik, 89Hoh](see Table 1).

Based on preliminary high pressure data by [60Wen, 66Kud, 67Fil]

defining the minimum temperature for the formation of cBN at 'i7000C

in the presence of magnesiumborides, phase relations along the join Mg

- MgB a N - BN have been investigated at 2.5 GPa in the temperature

range from 800 to 16000C employing DTA-, optical and X-ray powder

diffraction analysis supported by cnnventional quenching techniques

[79Endi, 79End2, 8lEnd] (see Fig.l). The experiments were done in

pyrophyllite/Ta cells in a belt apparatus where pressure was applied

to a given value and then the temperature was raised at a rate of 200

to 250K/min; temperature and pressure were held for 20 min followed by

quenching in ' 30 sec with the pressure still applied. No reaction was

found between Mg and BN below 11000 C, whereas above 11506C yellow

lath-like plates of MgIBa N and magnesiumborides MgBzMgB,Oq MgB,1

were formed [79Endl]. The precipitation of hBN from the eutectic

liquid was observed for temperatures higher than 13000C.

BINARY SYSTEMS

A tentative equilibrium diagram for the Mg-B system is given in

[90Mas3, revealing the formation of three stable magnesium borides ,

which are listed in Table 1. There is practically no mutual solid

solubility of B , Mg.

No phase diagram is available for the Mg-N system. For Mg N only

the a-modification has been reported [65Ell] (see Table 1).

Interstitial solubility of N in Mg is very low.

13



SOLID PHASES / ISOTHERMAL SECTIONS

In a cursory p-T diagram of the system Mga N - BN [81Ely] showed

the ranges of existence of two modifications of ct-MgSBzN6 (1000 to

14500C, > 2GPa ), r-MgB2N4 ( >16000C, 3.5 to 6 SPa) with an

intermediate two-phase region in between. The X-ray powder pattern as

reported by [79Endl] for Mg. a N was claimed to essentially correspond

to this two-phase region *t+-I-Mg BzNa [81Ely. The existence of two

modifications of MgB N's however, is not confirmed by [89HohJ.

At 2.5 SPa MgB 2N4 was reported to melt at 1489T50C [79Endil and at

1685T10°C at 6.5 SPa [89Hoh].

Fig.1 reveals the phase relations in two subsystems Mg - MgB N

and Mg Bz N - BN which at 2.5 SPa were shown to be of a simple

eutectic type [79Endl]. E == MgB z N + hBN is at 1295T70 C 2.5 SPa

[79Endl] and at 1380100 C at 6.5 GPa [89Hoh].

The p-T regions of cBN in the systems Mg-BN and Mgz N -BN were

investigated up to 8 GPa and 23000C [79End2, 8ISat]. In the Mg-BN

system pressure and temperature necessary for the formation of cBN

were found to decrease with increasing oxygen content of the starting

hBN material [79End2J; the lower limit of the cBN region for hBN with

1.9 mass%O is '1380 0 C at 6 to 8 SPa, but 17000 C at 6 SPa for hBN with

7.9 mass%0. In the MgN a system oxygen had little effect on the lower

limits of pressure and temperature, cBN-yields, however, deceased with

oxygen contents [81Sat].

Coexistence of MgB z N and Mg SBN was observed within the

low-temperature cBN region [89Pik, 89Hoh].

A comparision of the favourable pressure temperature conditions for

the production of cBN using Li N, Mg N or Ca N is shown in Fig.3

of the section Li-B-N.

MISCELLANEOUS

Infrared spectra of Mg B N formed at 2.5 GPa were interpreted in

terms of (N-B-NJ - molecular ions [79Endi]. Mg B zN slowly decomposes

in moist environment, at higher temperatures it easily oxidizes to

Mg (BO ) [79Endl].

14



The influence of P on the crystallization kinetics of cBN in the

MqB -_BN system has been studied by E89Shi3 at 5 GPa and 1570 to

18006C; 0.1 to 0.5 mass% P considerably increase the nucleation rate

and reduce the nucleation energy.
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-Type Boron Nitride in the BN-MgB -P System",Translated from
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Table 1: Solid phases in the system B-Mg-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (OC) Prototype ( pm )

Mg hP2 a= 320.94 [90Mas)

6500 P6 /mmc c= 521.07

Mg

ft-rhB hR111 a=i1092.51 [85Vil]

<2092°  R3m c=2381.43 [85Vil)

( -B

a-rhB hR36 a= 490.9 [85Vil]

<12000 R3m c=1258.2

a-B

MgB 7  o164 a= 597.0 (85Vil]

<23000 Imma b-1048.0

MgB c- 812.5

MgB 4  oP20 a- 546.4 [85Vil]

<18500 Pnma b- 442.8

MgB4

MgB hP3 a- 308.4 [85Vil]

<15500 P6/mmm c- 352.2

AIB

a--Mg N cISO a- 996.4 [85Vil3

<5500 a

Mn 0
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DN hP* a250.4 (BSVilJ
hex

P6 /mc C- 666.1

BN

* os-M aB aN 4- EBlEly]

>2 GPa

* &-MgB N - E81ElY)

>3.5-6 ZPa

* Mg aBNO - 9Hoh) at 6.5 GPa
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SYSTEM BORON - CALCIUM - NITROGEN (B-Ca-N)

INTRODUCTION / EXPERIMENTAL

Information on phase equilibria and compound formation in the

Ca-B-N system is due to [ 60Wen, 618ou, 72Dev, 8lEnd] and [83SatJ,

which all agree on the existence of a ternary compound Ca B N (see

Table 1).

Heating powder compacts of CaNa + BN in a Mo-boat in a stream of

nitrogen between 800 to I150OC was claimed as optimal conditions to
obtain Ca B N [618ou, 72DeVJ. The reaction was said to be incomplete

334

after 3h at 8000C. Melting of Ca B N was reported at 1412+-30C [BlEnd
324

Based on preliminary high pressure data by [60Wen3 defining the

minimum temperature for the formation of cBN at ^i3000C and 6.9SPa,

phase relations along the join Ca - Ca B N - BN have been33'

investigated at 2.5 GPa in the temperature range from 800 to 16000C

employing DTA-, optical and X-ray powder diffraction analysis

supported by conventional quenching techniques [8tEnd, 83Sat) (see

Fig.i). The experiments were done in pyrophyllite/Ta cells in a belt

apparatus where pressure was applied to a given value and then the

temperature was raised at a rate of 200 to 250K/min; temperature and

pressure were held for 20 min followed by quenching in ' 30 sec with

the pressure still applied. Above 11500C , Ca B N was formed together324

with small amounts of Ca N and CaBs elEnd]. The low temperature
limit of the precipitation of cBN from the Ca B N -melt was found to

be closely related to the CaBa N + BN eutectic at 1316 T 60C [8lEnd].
[83Sat] studied the nucleation and growth mechanism of cBN crystals.

BINARY SYSTEMS

A tentative equilibrium diagram for the Ca-B system is suggested in

190Mas3, revealing the formation of only one stable calcium boride,

CaB despite there seem to be no doubts about the existence of CaB
a 4

[6lJoh] , (see Table 1). There is practically no mutual solid

solubility of B , Ca.

Informations on the Ca-N phase diagram are still unsatisfactory; a

critical assessment is due to E901tk3. Crystallographic data are

listed in Table 1. Interstitial solubility of N in Ca is very low.

1
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SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 reveals the phase relations in two subsystems Ca - Ca aB aN

and Ca*B aN4 - BN which at 2.5 Gpa were shown to be of a simple

eutectic type (BlEnd3. E - Ca aB aN 4+ hBN is at 13166C , 2.5 GPa and

t-Ca + Ca aB aN is at 10325C at 2.5 SPa [BlEndJ At 2.5 spa

Ca aB aN 4was reported to melt at 1412T30 C [8lEnd3.

The p-T regions of cBN in the systems Ca-BN and Ca aB aN 4-BN were

investigated up to 6.5 Spa and 1800oC r~iEnd, 83Sat] and found to be

practically identical. According to the composition -temperature

diagam of the Ca 2B 2N 4-BN system at 5.4GPa ( see Fig.2) , the growth of

cBN was governed by the solubility difference of hBN and cBN in liquid

Ca aB aN 4-flux [83Sat).

A comparision of the favourable pressure temperature conditions for

the production of cBN using Li N, Mg N or Ca B N is shown in Fig.3

of the section Li-B-N.

MISCELLANEOUS

Infrared spectra of Ca aB aN 4formed at 2.5 G~a were interpreted in

terms of [N-BN)'s molecular ions (618ouJ. Ca aB aN 4slowly decomposes

in moist environment, at higher temperatures it easily oxidizes to

Ca (BO)
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Table 1: Solid phases in the system B-Ca-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (°C) Prototype ( pm )

13-Ca c12 a= 448.0 [9C)Mas)

842-443oC Im3m

w

ca-Ca cF4 a= 558.84 [90Mas3

<4430C Fm3m

Cu

j-rhB hRlll a=1092.51 [85VilJ

<20920 R3m c=2381.43 [85Vil]

a-rhB hR36 a= 490.9 [85Vi1J

<12000 R3m c=1258.2

Os-B

CaB tP20 a= 711 [6lJoh]

<0 P4/mbm c= 411

UB

CaB cP7 a= 414.5 e5Vil]

<25000C Pm3m

CaB
a

Ca N hR3 a= 363.8 [8S5VilJ stabil. by H ?

Rm c=1878

Sm

a= 753.5 [68LauJ

b= 363.8

c= 629.9

ft= 123.85O

a-Ca N cl80 a=1147.3 [85VilJ
32 Ia

Mn 0
28

r-Ca N o*40 a-1782 [85Vil] metastable?

bi1156

c- 358
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CaaN a(I) o*a= 562. 5 [901tkJ at 4.6 SPa

b-1114.

c-1361.

Ca N tP38 a-1445 [85VilJ

P4 /mnm c- 360

Ca N

CaN oF56 a=1132 E85Vil)

Fddd b-1107

c= 595

BN he hP* a= 250.4 E85Vi1J

P6 /mmc c= 666.1

BNho

*CasB aN 'g - E6iGfoL%) p ,P2.86Mcim-

<14120C at 2.5 GPa
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Fig.I: The partial system Ca-B-N (after [BlEnd)
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Fig.2s Phase equilibria in the section Ca aB aN a BN at 5.4 GPa

(after (93SatJ)

at 5.4 G Pa
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A

SYSTEM BORON - STRONTIUM - NITROGEN (B-Sr-N)

INTRODUCTION / EXPERIMENTAL

No phase diagram Sr-B-N exists; information on phase relations and

compound formation is due to [7 4Gau] who reported on the existence of

a ternary compound SrB a N from X-ray analysis of samples reacted at

9000 C for 30 h (see Table 1).

Preliminary high pressure experiments by [60Wen] reported the

formation of cBN from hBN at 8.7 GPa and~16000 C using Sr-metal as a

catalyst.

BINARY SYSTEMS

A tentative equilibrium diagram for the Sr-B system is given in

[90Mas], revealing the formation of one stable strontium boride, SrB.

(see Table 1). There is practically no mutual solid solubility of B

Sr.

No phase diagram is available for the Sr-N system. Crystallographic

data are listed in Table 1. Interstitial solubility of N in Sr is

very low.

SOLID PHASES / ISOTHERMAL SECTIONS

The X-ray powder pattern as reported by [74Gaul for Sr B N was024

claimed to essentially correspond to the one of Ca B N (isotypic?).'a'

MISCELLANEOUS

Infrared spectra of SraB a N were interpreted in terms of [N=B=N] -

molecular ions [748au]. Sr a N slowly decomposes in moist

environment, at higher temperatures it easily oxidizes to Sr (BO )2

[74Gau].
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Table 1: Solid phases in the system B-Sr-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (CC) Prototype (pm)

f*3-Sr c12 a- 487 [90Mas]

769-5470 IM&M

w
ot-Sr cF4 a= 608.4 [90Mas)

<5470C Fm~m

Cu

ft3-rhB hRiii a=1092.51 E85Vil)

<20920 R~m c=2381-43 [85Vil)

&3-B

ca-rhB hR36 a= 490.9 (65Yill

<12000 R~m c=1258.2

ct-B

SrB acP7 a= 419.84 [85VilJ

<25000 C Pm~m

CaB

Sr aN hR3 a= 724.6 EB5VilJ

R~m ap 30.80

Sm

**a= 719 [7OGau)

b= 385

c= 665

r4- 1080

Sr aN hP* [85VilJ

<10300 Ba N

SrN aoFS6 a=1180.88 E85Vil3

Fddd b-1153.43

c-611.62

BN hP* a- 250.4 [85VilJhex
P6 /mmc C- 666.1

*Sr B N4 - 74Gau3 P in3.72Mgm-



SYSTEM BORON - BARIUM NITROGEN (B-Ba-N)

INTRODUCTION / EXPERIMENTAL

No phase diagram Ba-B-N exists; information on phase relations and

compound formation is due to [618ouJ who reported on the existence of

a ternary compound Ba B N from X-ray analysis of powder compacts of324

Ba N +BN which have been reacted in a sealed quartz capillary for 3 h'a

at 700 to 9000C (see Table 1).

Preliminary high pressure experiments by [60WenJ reported the

formation of cBN from hBN at 8.0 to 8.7 GPa and '1600 to 17000C using

Ba-metal as a catalyst.

BINARY SYSTEMS

A tentative equilibrium diagram for the Ba-B system is given in

[90Mas], revealing the formation of one stable barium boride, BaB a6

(see Table 1). There is practically no mutual solid solubility of B,

Ba.

No phase diagram is available for the Ba-N system. Crystallographic

data are listed in Table 1. Interstitial solubility of N in Ba is

very low.

SOLID PHASES / ISOTHERMAL SECTIONS

The X-ray powder pattern as reported by [61Gou] for Ba B N was524

claimed to essentially correspond to the one of Ba B N (isotypic?).524

MISCELLANEOUS

Infrared spectra of Ba B N were interpreted in terms of [N=B=N]
853'

molecular ions (61BouJ. Ba B N slowly decomposes in moist
33'

environment, at higher temperatures it easily oxidizes to Ba (BO

[6E1ou].
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Table It Solid phases in the system B-Ba-N
-----------------------------------------------------------------------------

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range ( C) Prototype (pm)

Ba c12 a= 501.3 E90Mas3

<7270 Imsm

w
ft-rhB hRlii a=1092.51 [B5Vil3

<20920 R3m a-2381.43 [85Vil3

at-rhB hR36 a- 490.9 [BSVil3

<12000 R3m c-1258.2

Ot-B

BaB cP7 a= 426.8 [85Vi1]l

<25000 C Pm3m
CaB

Ba 9N ahP* a= 522 [85VilJ

Ba N c= 550

BaN amPl.4 a= 959 [85Vil)

P2 /m b= 439

BaN c= 542
p a

p-99.70

DN hq hP* a= 250.4 [eSSil)

P6 a/mmc c= 666.1

*DaDN 5N1 boxou

3-4,

IL



SYSTEM BORON - SCANDIUM - NITROGEN (B - Sc - N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Sc-N system have been established from

room temperature X-ray powder diffraction analysis of samples prepared

by reaction sintering of powder compacts of B, BN, and of prealloyed

binary borides, which prior to use were crushed to a particle size

smaller than 201m in a steel mortar and/or a WC-Co mortar respectively

[91Kle]. For annealing the samples were kept on a hex-BN substrate

within a molybdenum or tungsten susceptor crucible. Heat treatments in

a I MHz-HF furnace ( under 1 bar of 5N-Ar or 5N-N ) usually consisted2

of a primary reaction at 12000 C for 90h followed by a final reaction

at 14000 C for 90h with an intermediate step of crushing and

recompacting to ensure homogeneity. Temperatures were monitored by

calibrated microoptical pyrometry and after heat treatment all samples

were radiation cooled. Due to the pronounced instability of the binary

metal nitride with respect to rapid hydrolysis in moist environment,

all handling of the specimens was done in an argon filled glove box

system ensuring an oxygen level of less than 2 ppm 0 and < 4 ppm HZ 0.

Starting materials were ingots of 3N-Sc,crystallized boron (99.8 % B)9

and hexagonal boron nitride of 99 % nominal purity, which prior to use

was outgassed in high vacuum at 14000 C. Binary boride master alloys

were prepared by arc melting the elements together on a water cooled

copper hearth [91Kle].

BINARY SYSTEMS

A recent reinvestigation [89Rem] of the B-Sc system revealed

consistency with the data available in [76Spe, [84Vil and [90Mas);

see Table 1. A critical assessment is due to [90Spe3. The solubility

of B in Sc is negligible [90Spe]; the maximum solubility of Sc in fr-B

is close to ScB [78Cal.

No equilibrium diagram exists for the N-Sc system and solid

solubility of N in Sc is said to be smallj a comprehensive discussion

of all reported information has been given by [78Fro]. At normal

pressure ScN is the only stable nitride [72Kiee (Table 1).
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SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 1400°C under I bar of

argon (in the absence of external nitrogen pressure) [91Kle). Phase

equilibria are characterized by the absence of ternary compounds and

by the formation of a three-phase equilibrium ScN + ScB + BN. Thus

there is no compatibility between (Sc) and BN. As seen from a

comparision of the unit cell dimensions there is no significant solid

solubility of Sc in BN at 1400°C, and mutual solubilities of the rare

earth bordes, the rare earth nitride and BN are rather restricted

[91Kle].

No signs of compound formation at higher nitrogen contents were

observed [91KleJ from heat treatments under I bar of N at 14000 CI

(1OOh) and at 18000C (20h) respectively : in both cases the limiting

tie line reported was ScN + BN + N
2

THERMODYNAMICS

A thermodynamic modelling of the binary system Sc-B is due to

[90SpeJ; see Table 2.
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Table 1v Solid phases at 1400 C in the systems B -Sc -N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range C) Prototype Cpm)

g?--Sc c12 a= 454.1 [90Mas]

1541-13370 Im3m

w
ct-Sc hP2 a= 330.88 E90Mas]

<13370 P6 3 /mmc c= 526.80

Mg

fi3-rhB hRII a=1092.51 [78Call

<20920 R~m c=2381.43

a=1096.58 [78Ca1) for ScB a

c=2408.75

ScB hP3 a= 314.8 [85VilJ

<22500 P6/mmm c= 351.6

AlB

ScB 1t 26 a= 523.47 [78Cal]

<20400 14/mmm c= 735.83

ScB
12

SCN cF8 a= 450.5 [85Vil)

Fm3m

NaC 1

BN hx hP* a- 250.4 t65VilJ

P6 /mmc c- 686.1

SN
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Table 2s Thermodynamic data for the system Sc-B (after E90Spe3)

Phase Afa ( J/gramatom ) Ref.

1.0000 Sc AtugG(Sc) = 18110-10.275 T [90Spe]

1.0000 B AtweG(B) = 50210-21.23 T

1.0000 06c AGr (OcSc) - 0

1.0000 /3Sc A.G (136c) = 4010-2.495 T

0.3333 ScB A.G(ScB.) =-102330+5.0 T

0.0769 ScB,, ArG(ScB ) =-36980+2.0 T

1.0000 B AtG (13) = 0

Liquid A Ge X= x(I-x).(-177050-34.9 T + (-3335+68.9 T )(1-2x)l
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Fig.lz Isothermal section of the system B -Sc -N at 1400*C under

1 bar of argon (in the absense of external nitrogen )

N

Sc-B-N
Isotherm

80 80 1 atm. Ar
e ~1400 O

~60 60

SC 20 40 60 ScB 2  ScB 12  B
Atom Percent Boron
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SYSTEM BORON - YTTRIUM - NITROGEN (B-Y-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Y-N system have been established from

room temperature X-ray powder diffraction analysis of samples prepared

by reaction sintering of powder compacts of B, BN, and of prealloyed

binary borides, which prior to use were crushed to a particle size

smaller than 20pm in a steel mortar and/or a WC-Co mortar respectively

[9lKle). For annealing the samples were kept on a hex-BN substrate

within a molybdenum or tungsten susceptor crucible. Heat treatments in

a 1 MHz-HF furnace ( under I bar of 5N-Ar or 5N-N ) usually consisted2

of a primary reaction at 12000 C for 90h followed by a final reaction

at 1400°C for 90h with an intermediate step of crushing and

recompacting to ensure homogeneity. Temperatures were monitored by

calibrated microoptical pyrometry and after heat treatment all samples

were radiation cooled. Due to the pronounced instability of the binary

metal nitride with respect to rapid hyd-olysis in moist environment,

all handling of the specimens was done in an argon filled glove box

system ensuring an oxygen level of less than 2 ppm 0 and < 4 ppm H 0.2 2

Starting materials were ingots of 3N-Y, crystallized boron (99.8 % B),

and hexagonal boron nitride of 99 % nominal purity, which prior to use

was outgassed in high vacuum at 14000 C. Binary boride master alloys

were prepared by arc melting the elements together on a water cooled

copper hearth [9iKle].

BINARY SYSTEMS

A recent reinvestigation [89Rem] of the B-Y system revealed

consistency with the data available in [76Spe], [84Vil] and

[90Mas]; see Table 1.

A tentative equilibrium diagram for the yttrium-rich region of the

system N-Y is given by [74Car); the solid solubility of N in Y was

claimed to be 3 at% N at the temperature of the peritectoid formation

of a-Y from (-Y + YN ( 14900) [74Car]. A comprehensive discussion of
all reported information has boon given by [78Fro]. At normal pressure

YN is the only stable nitride (see Table 1); at higher nitrogen

al ore nfrain a ee8ie by(SrJ tnomlpesr



pressure Y N X with the Mn 0 -type (cIBO - Ia3 )has been reported

[72Kie].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 14000 C under I bar of

argon (in the absence of external nitrogen pressure) [91KleJ. Phase

equilibria are characterized by the absence of ternary compounds and

by the formation of a three-phase equilibrium YN + YB + BN. Thus

there is no compatibility between (Y) and BN. As seen from a

comparision of the unit cell dimensions there is no significant solid

solubility of Y in BN at 1400 C, and mutual solubilities of the rare

earth borides, the rare earth nitride and BN are rather restricted

[91Kle].

No signs of compound formation at higher nitrogen contents were

observed [9iKleJ from heat treatments under I bar of N at 14000 C2

(1OOh) and at 1800 C (20h) respectively :in both cases the limiting

tie line reported was YN + BN
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Table 1: Solid phases at 1400 C in the system B-V-N

-------------------------------------------------------------------------------

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (OC Prototype ( pm)

Oa-V hP2 a= 364.82 [86Mas)

<14780 P6 /mmc c= 573.18

Mg

17--rhB hR111 a=1092.51 [85Vill

<20920 R~m c=2381.43 [BSVil)

YB 2hP3 a= 328.9 [85Vil)

<21.000 P6/mmm c= 384.3

YB 4tP20 a= 711.1 ESSVil]

<28000 P4/mbm c= 401.7

T hB

YB 6cP7 a= 412.8 E85VilJ

<26000 Pm~m

CaB

YB 12cF52 a= 746 [85VilJ

<22000 Fm3m

UB
is

YB docF16oe a=2344 E85VilJ

<21000 Fmisc

YB
ad

YN cF8 a= 487.8 [85Vil)

Fm3m

NaC 1

BN oxhP* a= 250.4 [e8Vil)

P6 /mmc c= 666.1

BN hq



Fig.1: Isothermal section of the system B - Y -N at 1400*C under

I bar of argon (in the absense of external nitrogen )
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SYSTEM BORON- TERBIUM- NITROGEN (B-Tb-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Tb-N system have been established from

room temperature X-ray powder diffraction analysis of samples prepared

by reaction sintering of powder compacts of B, BN, and of prealloyed

binary borides, which prior to use were crushed to a particle size

smaller than 20am in a steel mortar and/or a WC-Co mortar respectively

[9iKle]. For annealing the samples were kept on a hex-BN substrate

within a molybdenum or tungsten susceptor crucible. Heat treatments in

a I MHz-HF furnace ( under 1 bar of 5N-Ar or 5N-N ) usually consisted2

of a primary reaction at 12000 C for 90h followed by a final reaction

at 14000 C for 90h with an intermediate step of crushing and

recompacting to ensure homogeneity. Temperatures were monitored by

calibrated microoptical pyrometry and after heat treatment all samples

were radiation cooled. Due to the pronounced instability of the binary

metal nitride with respect to rapid hydrolysis in moist environment,

all handling of the specimens was done in an argon filled glove box

system ensuring an oxygen level of less than 2 ppm 0 and < 4 ppm H 0.2 2

Starting materials were ingots of 3N-Tb,crystallized boron (99.8 % B),

and hexagonal boron nitride of 99 % nominal purity, which prior to use

was outgassed in high vacuum at 14000 C. Binary boride master alloys

were prepared by arc melting the elements together on a water cooled

copper hearth [90Kle].

BINARY SYSTEMS

A recent reinvestigation [89Rem] of the B-Tb system revealed

consistency with the data available in [76Spe,9OLiaJ and [90Mas3; see

Table 1. Mutual solid solubilities are expected to be negligible.

No equilibrium diagram exists for the N-Tb system and solid

solubility of N in Tb is said to be small; a comprehensive discussion

of all reported information has been given by [78Fro]. At normal

pressure TbN is the only stable nitride (see Table 1); at higher

nitrogen pressure Tb N with the Mn 0 -type (cIBO - laS. a=1066 pm33-x 23

has been reported [72KieJ.
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SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 14000C under 1 bar of

argon (in the absence of external nitrogen pressure) [91Kle]. Phase

equilibria are characterized by the absence of ternary compounds and

by the formation of a three-phase equilibrium TbN + TbB + BN. Thus4

there is no compatibility between (Tb) and BN. As seen from a

comparision of the unit cell dimensions there is no significant solid

solubility of Tb in BN at 1400 C, and mutual solubilities of the rare

earth borides, the rare earth nitride and BN are rather restricted

E91KleJ.

No signs of compound formation at higher nitrogen contents were

observed [91Kle] from heat treatments under I bar of N at 14000 C2

(100h) and at 1800*C (20h) respectively : in both cases the limiting

tie line reported was TbN + BN
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Table 1: Solid phases at 1400*C in the system B-Tb-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range ( 0 C) Prototype ( pm

ft-bc12 a= 40)2 [86MasJ

1356-128c9O Im~m

w
&3-rhB hRlII a=1092.51 [85Vi1)

'.20920 R~m c=2381.43 [85VilJ

TbB 2  hP3 a= 329.0 [85Vil)

<21000 P6/mmm c= 387.8

AlBs

TbB 4  tP20 a= 712.0 EB5VilJ

<26000 P4/mbm c= 404.2

ThB

TbB cP7 a= 410.0 [85Vil)

<23400 Pni~m

CaB
a

TbB 12cF52 a= 750. 7 [85Vill

<22000 Fm3m

UB
12

TbB docF1L6C8 a-2345.7 re8SilJ

<21000 Fm3c

YB
ad

TbN cFB a= 493.6 re5Vil]

Fm -m

BNhP* a= 250.4 [85Vill

P6 /mmc c- 666.1

BN~
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Fig.1: Isothermal section of the system B -Tb -N at 14000C under
I bar of argon (in the absence ot external nitrogen )
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SYSTEM BORON- DYSPROSIUM- NITROGEN (B-Dy-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Dy-N system have been established from

room temperature X-ray powder diffraction analysis of samples prepared

by reaction sintering of powder compacts of B, BN, and of prealloyed

binary borides, which prior to use were crushed to a particle size

smaller than 20Am in a steel mortar and/or a WC-Co mortar respectively

[91Kle]. For annealing the samples were kept on a hex-BN substrate

within a molybdenum or tungsten susceptor crucible. Heat treatments in

a 1 MHz-HF furnace ( under I bar of 5N-Ar or 5N-N ) usually consisted2

of a primary reaction at 12000 C for 90h followed by a final reaction

at 1400 0C for 90h with an intermediate step of crushing and

recompacting to ensure homogeneity. Temperatures were monitored by

calibrated microoptical pyrometry and after heat treatment all samples

were radiation cooled. Due to the pronounced instability of the binary

metal nitride with respect to rapid hydrolysis in moist environmernt.

all handling of the specimens was done in an argon filled glove bom

system ensuring an oxygen level of less than 2 ppm 0 and ::. 4 ppm H 0.2 2

Starting materials were ingots of 3N-Dy,crystallized boron (99.8 % B).

and hexagonal boron nitride of 99 % nominal purity, which prior to use

was outgassed in high vacuum at 14000 C. Binary boride master alloys

were prepared by arc melting the elements together on a water cooled

copper hearth [9iKleJ.

BINARY SYSTEMS

A recent reinvestigation [89RemJ of the B-Dy system revealed

consistency with the data available in [76Spe], [84VilJ and [90MasJ;

see Table 1. Mutual solid solubilities are expected to be negligible.

No equilibrium diagram exists for the N-Dy system and solid

solubility of N in Dy is said to be small; a comprehensive discussion

of all reported information has been given by [78Fro]. At normal

pressure DyN is the only stable nitride (see Table 1); at higher

nitrogen pressure Dy N with the Mn 0 -type (cIO - la3.i a=1058 pm
2 9-X a2a

has been reported [72Kie]. t
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SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1' represents the isothermal section at 14000C under I bar of

argon (in the absence of external nitrogen pressure) [9IKle]. Phase

equilibria are characterized by the absence of ternary compounds and

by the formation of a three-phase equilibrium DyN + DyB + BN. Thus

there is no compatibility between (Dy) and BN. As seen from a

comparision of the unit cell dimensions there is no significant solid

solubility of Dy in BN at 14000 C, and mutual solubilities of the rare

earth borides, the rare earth nitride and BN are rather restricted

[91KleJ.

No signs of compound formation at higher nitrogen contents were

observed [91Kle] from heat treatments under I bar of N at 140 0aC2

(1OOh) and at 18000C (20h) respectively in both cases the limiting

tie line reported was DyN + BN
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Table Is Solid phases at 1400 0C in the system B-Dy-N

-----------------------------------------------------------------------

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (OC) Prototype ( pm)

------------------------------------------------------------------------

(a?-Dy c12 a= 398 [90Mas3

1409-i3eio Im.3m

w
ft-rhB hRIll a=1092.51 [85Vil]

(20920 R---m c=2381.43 (85Vil)

DYB 2 hP3 a= 328.7 E85Vi1)

(21000 P8/mmm c= 384.5

AI8
2

DyB 4tP20 a= 702.1 [85VilJ

<25000 P4/mbm c=397.2

T hB

DyB cP7 a= 409.6 (85Vi13

<22000 PmF~m

CaB

DyB 1 cF52 a= 749.9 [S5VilJ
<21000 Fm3m

UB

DyB docFi6oe a=2344.1 [BSvil)

<20250 Fm-1c

YB
do

DyN cFS a- 493.6 tB5Vil)

Fm3m

NaC 1

BN ho hP* a- 250.4 185Vi13

P6 /mmc c= 686.1

BN1
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Fig.1: Isothermal section of the system B - Dy -N at 1400 C under

I bar of argon ( in the absence of external nitrogen ).

N
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SYSTEM BORON- HOLMIUM- NITROGEN (B-Ho-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Ho-N system have been established from

room temperature X-ray powder diffraction analysis of samples prepared

by reaction sintering of powder compacts of B, BN, and of prealloyed

binary borides, which prior to use were crushed to a particle size

smaller than 20$jm in a steel mortar and/or a WC-Co mortar respectively

[91Kle). For annealing the samples were kept on a hex-BN substrate

within a molybdenum or tungsten susceptor crucible. Heat treatments in

a 1 MHz-HF furnace ( under 1 bar of 5N-Ar or 5N-N ) usually consisted2

of a primary reaction at 1200 0 C for 90h followed by a final reaction

at 1400aC for 90h with an intermediate step of crushing and

recompacting to ensure homogeneity. Temperatures were monitored by

calibrated microoptical pyrometry and after heat treatment all samples

were radiation cooled. ue to the pronounced instability of the binary

metal nitride with respect to rapid hydrolysis in moist environment,

all handling of the specimens was done in an argon filled glove box

system ensuring an oxygen level of less than 2 ppm 0 and < 4 ppm H 0.

Starting materials were ingots of 3N-Y, crystallized boron (99.6 % B).

and hexagonal boron nitride of 99 % nominal purity, which prior to use

was outgassed in high vacuum at 14000 C. Binary boride master alloys

were prepared by arc melting the elements together on a water cooled

copper hearth [91KleJ.

BINARY SYSTEMS

A recent reinvestigation [89Rem] of the B-Ho system revealed

consistency with the data available in [76SpeJ, [84Vil] and [90Mas];

see Table 1. Mutual solid solubilities are expected to be negligible.

HoB has been found to be unstable below 14500C [89Rem].

No equilibrium diagram exists for the N-Ho system and solid

solubility of N in Ho is said to be small; a comprehensive discussion

of all reported information has been given by [78FroJ. At normal

pressure HoN is the only stable nitride (see Table 1), at higher

nitrogen pressure Ho N with the Mn 0 -type (cI80 - Ia3, a=i056 pm

has been reported [72KieJ.

25T



SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 14000 C under 1 bar of

argon (in the absence of external nitrogen pressure) [91Kle]. Phase

equilibria are characterized by the absence of ternary compounds and

by the formation of a three-phase equilibrium HoN + HoB + BN. Thus4

there is no compatibility between (Ho) and BN. As seen from a

comparision of the unit cell dimensions there is no significant solid

solubility of Ho in BN at 1400 C, and mutual solubilities of the rare

earth borides, the rare earth nitride and BN are rather restricted

[91KleJ.

No signs of compound formation at higher nitrogen contents were

observed [91Kle] from heat treatments under I bar of N at 14o)0°C2

(lOOh) and at 18000 C (20h) respectively in both cases the limiting

tie line repcrted was HoN + BN
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Table 1: Solid phases at 14000 C in the system B-Ho-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (°C) Prototype ( pm )

Ho hP2 a= 357.78 [90Mas]

<14700 P6 /mmc c= 561.78U

Mg

(J-rhB hRlll a=1092.51 [85Vil]

<20920 R3m c=2381.43 [85Vil]

p- B

HoB hF3 a= 327.3 [85Vil2

<22000 P6/mmm c= 381.4

AlB
2

HoB tF"'2 a= 708.7 [85Vil

<25000 P4/mbm c= 400.8

ThB

HoB1 cF52 a= 749.1 [85Vil]12
21000 Fm.m

UB
12

HoBa cF1608 a=2344.1 [85Vil

<20250 Fm3c

Y8

HoN cF8 a= 487.7 [85Vil]

Fm3m

NaCI

BNhox  hP* a= 250.4 [85Vil]

P6 /mmc c= 666.1a

BN
hox
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Fig.I: Isothermal section of the system B - Ho -N at 14000C under

I bar of argon in the absense of external nitrogen ).
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SYSTEM BORON- ERBIUM- NITROGEN (B-Er-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Er-N system have been established from

room temperature X-ray powder diffraction analysis of samples prepared

by reaction sintering of powder compacts of B, BN, and of prealloyed

binary borides, which prior to use were crushed to a particle size

smaller than 20im in a steel mortar and/or a WC-Co mortar respectively

[91Kle). For annealing the samples were kept on a hex-BN substrate

within a molybdenum or tungsten susceptor crucible. Heat treatments in

a I MHz-HF furnace ( under I bar of 5N-Ar or 5N-N ) usually consisted2

of a primary reaction at 12000 C for 90h followed by a final reaction

at 14000 C for 90h with an intermediate step of crushing and

recompacting to ensure homogeneity. Temperatures were monitored by

calibrated microoptical pyrometry and after heat treatment all samples

were radiation cooled. Due to the pronounced instability of the binary

metal nitride with respect to rapid hydrolysis in moist environment.

all handling of the specimens was done in an argon filled glove box

system ensuring an oxygen level of less than 2 ppm 0 and : 4 ppm H 0.2 2

Starting materials were ingots of 3N-Er, crystallized boron (99.8 %

B), and hexagonal boron nitride of 99 % nominal purity, which prior to

use was outgassed in high vacuum at 1400aC. Binary boride master

alloys were prepared by arc melting the elements together on a water

cooled copper hearth [91Kle].

BINARY SYSTEMS

A recent reinvestigation [89Rem] of the B-Er system revealed

consistency with the data available in [76Spe], [84Vil] and [90Mas);

see Table 1. Mutual solid solubilities are expected to be negligible.

No equilibrium diagram exists for the N-Er system and solid

solubility of N in Er is said to be small; a comprehensive discussion

of all reported information has been given by [78Fro]. At normal

pressure ErN is the only stable nitride (see Table 1), at higher

nitrogen pressure Er N with the Mn 0 -type (cI8o - Ia3) has been
a 2-x3

reported [72Kie].
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SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 14000 C under I bar of

argon (in the absence of external nitrogen pressure) [91Kle]. Phase

equilibria are characterized by the absence of ternary compounds and

by the formation of a three-phase equilibrium ErN + ErB + BN. Thus4

there is no compatibility between (Er) and BN. As seen from a

comparision of the unit cell dimensions there is no significant solid

solubility of Er in BN at 14000C, and mutual solubilities of the rare

earth barides, the rare earth nitride and BN are rather restricted

[91Kle].

No signs of compound formation at higher nitrogen contents were

observed [9iKle) from heat treatments under I bar of N at 1400 0C2

(1OOh) and at 18000 C (20h) respectively :in both cases the limiting

tie line reported was ErN + BN

*i
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Table 1: Solid phases at 14000 C in the system B-Er-N

---------------------------------------------------------------------------------

Phase / Pearson Symbol/ Lattice Comments
Temperature Space Group / Parameters

Range (*C) Prototype ( pm )

---------------------------------------------------------------------------------

Er hP2 a= 355.92 [90Mas]

<15220 P6 /mmc c= 558.50

Mg

(--rhB hRilI a=1092.51 [85VilJ

<20920 R3m c=2381.43 E85ViI)

O3-B

ErB hP3 a= 326.5 [85VilJ

<21850 P6/mmm c= 376.8

AIB 2
ErB tP20 a= 707.05 [85Vil]* 4

<25000 P4/wbm c= 400.00

ThB

ErB 1 cF52 a= 748.2 [85Vil]

<20800 Fm3frr

UB
12

ErBd cF1608 a=2344.0 [85Vil]

<20700 Fm3c

YB
aw

ErN cF8 a= 483.6 [85Vil]

Fmim

NaC 1

BN hP* a- 250.4 [85Vil]

P6 /mic c- 666.1

BNhe x
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Fig.1z Isothermal section of the system B -Er -N at 1400*C under

I bar of argon (in the absence of external nitrogen )
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SYSTEM BORON THULIUM - NITROGEN (B-Tm-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Tm-N system have been established from

room temperature X-ray powder diffraction analysis of samples prepared

by reaction sintering of powder compacts of B, BN, and of prealloyed

binary borides, which prior to use were crushed to a particle size

smaller than 20m in a steel mortar and/or a WC-Co mortar respectively

[91KleJ. For annealing the samples were kept on a hex-BN substrate

within a molybdenum or tungsten susceptor crucible. Heat treatments in

a I MHz-HF furnace ( under I bar of 5N-Ar or 5N-N ) usually consisted2

of a primary reaction at 12000 C for 90h followed by a final reaction

at 14000 C for 90h with an intermediate step of crushing and

recompacting to ensure homogeneity. Temperatures were monitored by

calibrated microoptical pyrometry and after heat treatment all samples

were radiation cooled. Due to the pronounced instability of the binary

metal nitride with respect to rapid hydrolysis in moist environment..

all handling of the specimens was done in an argon filled glove box

system ensuring an oxygen level of less than 2 ppm 0 and . 4 ppm H 0.2 2

Starting materials were ingots of 3N-Tm, crystallized boron (99.8 %

B), and hexagonal boron nitride of 99 % nominal purity, which prior to

use was outgassed in high vacuum at 14000 C. Binary boride master

alloys were prepared by arc melting the elements together on a water

cooled copper hearth [91KleJ.

BINARY SYSTEMS

A recent reinvestigation [89Rem] of the B-Tm system revealed

consistency with the data available in [76Spe], [84Vil) and [90Mas];

see Table 1. Mutual solid solubilities are expected to be negligible.

No equilibrium diagram exists for the N-Tm system and solid

solubility of N in Tm is said to be small; a comprehensive discussion

of all reported information has been given by [78Fro]. At normal

pressure TmN is the only stable nitride (see Table 1); at higher

nitrogen pressure Tm N with the Mn 0 -type (cI80 - la3, a=I045 pm

has been reported C72KieJ.
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SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 14000 C under 1 bar of

argon (in the absence of external nitrogen pressure) [91Kle]. Phase

equilibria are characterized by the absence of ternary compounds and

by the formation of a three-phase equilibrium TmN + TmB4 + BN. Thus

there is no compatibility between (Tm) and BN. As seen from a

comparision of the unit cell dimensions there is no significant solid

solubility of Tm in BN at 14000 C, and mutual solubilities of the rare

earth borides, the rare earth nitride and BN are rather restricted

[91Kle].

No signs of compound formation at higher nitrogen contents were

observed [91Kle] from heat treatments under I bar of N at 14000 C2

(lOOh) and at I8C0)0*C (20h) respectively :in both cases the limiting

tie line reported was TmN + BN
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Table 1: Solid phases at 1400°C in the system B-Tm-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (*C) Prototype ( pm )

Tm hF2 a= 353.75 [90Mas]

<15450 P6 /mmc c= 555.40
a

Mg

fl-rhB hRFC1 a=1092.51 [85Vil]

<20920 R~m c=2381.43 [85VilJ

f3-B

TmB hP3 a= 326.1 [85VilJ2

22500 P6/mmm c= 375.5

AIB 2

TmB tP20 a= 705.7 E85Vil]

<25500 P4/mbm c= 398.7

ThB

TmB cF52 a= 747.4 [85Vil]
12

<21800 Fm3m

UB
12

TmB cF1608 a=2343.3 [85Vil]

<21000 Fm3c

YB
d

TmN cF8 a = 481 [85Vil)

Fm3im

NaC1

BN hP* a= 250.4 [85Vil]tbox

P6 /mmc c= 666.1

BNx

.-6
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Fig.1: Isothermal section of the system B -Tm -N at 14000C under

1 bar of argon (in the absence of external nitrogen )
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SYSTEM BORON - LUTETIUM - NITROGEN ( B - Lu -N

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Lu-N system have been established from

room temperature X-ray powder diffraction analysis of samples prepared

by reaction sintering of powder compacts of B, BN, and of prealloyed

binary borides, which prior to use were crushed to a particle size

smaller than 20m in a steel mortar and/or a WC-Co mortar respectively

[91Kle). For annealing the samples were kept on a hex-BN substrate

within a molybdenum or tungsten susceptor crucible. Heat treatments in

a I MHz-HF furnace ( under I bar of 5N-Ar or 5N-N ) usually consisted2

of a primary reaction at 1200 C for 90h followed by a final reaction

at 14000 C for 90h with an intermediate step of crushing and

recompacting to ensure homogeneity. Temperatures were monitored by

calibrated microoptical pyrometry and after heat treatment all samples

were radiation cooled. Due to the pronounced instability of the binary

metal nitride with respect to rapid hydrolysis in moist environment,

all handling of the specimens was done in an argon filled glove box

system ensuring an oxygen level of less than 2 ppm 0 and --. 4 ppm H 0.2 2

Starting materials were ingots of 3N-Lu, crystallized boron (99.8 %

B), and hexagonal boron nitride of 99 % nominal purity, which prior to

use was outgassed in high vacuum at 14000 C. Binary boride master

alloys were prepared by arc melting the elements together on a water

cooled copper hearth [91KleJ.

BINARY SYSTEMS

A recent reinvestigation [89Rem) of the B-Lu system revealed

consistency with the data available in [76Spe], [84Vil] and [90Mas];

see Table 1. Mutual solid solubilities are expected to be negligible.

No equilibrium diagram exists for the N-Lu system and solid

solubility of N in Lu is said to be small; a comprehensive discussion

of all reported information has been given by [78Fro]. At normal

pressure LuN is the only stable nitride (see Table 1), at higher

nitrogen pressure Lu 2N 8 with the Mn 0 -type (c180 - Ia3, a=1032 pmnirgnpesueL 3x 23;

has been reported [72Kie].
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SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 14000 C under 1 bar of

argon (in the absence of external nitrogen pressure) [91Kle]. Phase

equilibria are characterized by the absence of ternary compounds and

by the formation of a three-phase equilibrium LuN + LuB 4+ BN. Thus

there is no compatibility between (Lu) and BN. As seen from a

comparision of the unit cell dimensions there is no significant solid

solubility of Lu in BN at 1400 C, and mutual solubilities of the rare

earth borides, the rare earth nitride and BN are rather restricted

[91Kle].

No signs of compound formation at higher nitrogen contents were

observed [9iKle] from heat treatments under I bar of N at 1400 0 C2

(lOOh) and at 18000 C (20h) respectively :in both cases the limiting

tie line reported was LuN + BN
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Table 1: Solid phases at 1400*C in the systems B - LU - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (*C) Prototype ( pm )

Lu hP2 a= 350.52 [90Mas]

<16630  P6 /mmc c= 554.94
S

Mg

(t-rhB hRliJ a=1092.51 [85VilJ

<20920 R3m c=2381.43 [85Vil]

&--B

LuB hP3 a 324.6 [85Vil]2

<22500 P6/mmm c= 370.4

AIB
2

LuB tP20 a= 703.6 (85Vil]
4

<25500 P4/mbm c= 397.4

ThB

LuB cF52 a= 746.4 [85Vil]£2

<21700 Fm3m

UB
12

LuBd cFi60B a=2341.2 [85Vil]

<21000 Fm3c

YB

LuN cF8 a= 476.6 [85VilJ

Fm3m

NaC1

BNhox  hP* a= 250.4 [85Vil]

P6 /mmc c= 666.1
B

BNhex
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Fig.1: Isothermal section of the system B - Lu -N at 1400 0C under

I bar of argon (in the absence of ex~ternal nitrogen )
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SYSTEM BORON - URANIUM - NITROGEN (B-U-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-U-N system have been established from

room temperature X-ray powder diffraction analysis of samples prepared

by reaction sintering of powder compacts of B, BN, and of prealloyed

binary borides, which prior to use were crushed to a particle size

smaller than 20$.m in a steel mortar and/or a WC-Co mortar respectively

[90Kle). For annealing the samples were kept on a hex-BN substrate

within a molybdenum or tungsten susceptor crucible. Heat treatments in

a 1 MHz-HF furnace ( under I bar of 5N-Ar or 5N-N ) usually consisted2

of a primary reaction at 12000 C for 90h followed by a final reaction

at 14000 C for 90h with an intermediate step of crushing and

recompacting to ensure homogeneity. Temperatures were monitored by

calibrated microoptical pyrometry and after heat treatment all samples

were radiation cooled. Due to the pronounced instability of the binary

metal nitride with respect to rapid hydrolysis in moist ;nvironment,

all handling of the specimens was done in an argon filled glove box

system ensuring an oxygen level of less than 2 ppm 0 and < 4 ppm H 0.2 2

Starting materials were platelets of depleted uranium (E.Merck, FRG)

which prior to use were surface cleaned in dilute HNO , crystallized

boron (99.8 % B), and hexagonal boron nitride of 99 % nominal purity,

which prior to use was outgassed in high vacuum at 14000 C. Binary

boride master alloys were prepared by arc melting the elements

together on a water cooled copper hearth [90KleJ.

BINARY SYSTEMS

A reinvestigation of the binary systems revealed consistency with

the data available in [85Villpand [90Mas] (see Table 1); for a recent

critical assessment of the U - B binary see [91PotJ.

The phase diagram N-U is given by [90Mas3, see also Table 1; the

maximal solid solubility of N in af?- or y-U was claimed to be less

than O.Ol7at% N (78Fro].
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SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 14000 C under I bar of

argon (in the absence of external nitrogen pressure) [90Kle]. Phase

equilibria are characterized by the existence of one of ternary

compound UBN ( isotypic with the structure type of UBC ). Due to the

formation of the stable three-phase equilibria: UBa + UBN + UN and

UB + UBN + BN , no compatibility was observed between (U) and BN nor

between the uranium nitrides and boron. . From the close

correspondance of the unit cell dimensions of the boundary phases in

multiphase samples with the data for the binary compounds no

significant solid solubility of N ( < 0.5at% N) in the uranium borides

was concluded. Similarly solid solubility of U in BN at 14000 C was

considered to be rather limited. No significant trends have been

observed for the variation of the unit cell dimensions of the binary

uranium nitrides as a function of the boron content [90K1l], thus the

solid solubility of B is certainly smaller than originally suggested

by [761mo).

From heat treatments under 1 bar of N at 1400 0 C (9Oh) the2

limiting tie line reported was between uranium nitride and

boronnitride. Mutual solid solubilities remained restricted.

Additional heat treatment for 60h at 14000 C in a high vacuum of 1O-Pa

was sufficient to entirely decompose the ternary compound UBN, and all

nitrogen-rich samples were transferred to the tie lines UN + UB and

UB + BN. X-ray Guinier photographs of UBN were completely indexed

on the basis of an orthorhombic unit cell in close correcpondance with

the UBC-type. Using the atom parameters derived from a single crystal

study of stoichiometric UBC E91RogJ, calculated and observed intensity

data were said to be in excellent agreement for UBN [90Kle3. The

variation of the unit cell dimensions of UBN, as observed from

multiphase samples at 14000C as well as under various N partial

pressures is rather small indicating only a small degree of

boron/nitrogen substitution [90Kle].
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Table 1: Solid phases at 14000C in the system B-U-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (SC) Prototype ( pm )

Y-U c12 a= 352.4 [90Mas3

1135-7760 Im3m

w

j3-U tP30 a=1075.9 [90Mas]

776-6680 P4 /Imnm c= 565.62

p-u
a-U oC4 a= 285.37 [90Mas3

<6680 Cmcm b= 586.95

a-U c= 495.48

(:-rhB hRl1 a=1092.51 [85Vil]

<20920 R3m c=2381.43 c85Vil]

ft-B

UB hP3 a= 312.93 [91Pot3,U-rich2

<23850 P6/mmm c= 398.53
AIB

2

a= 313.14 [91Pot],U-poor

c= 398.57

UB tP20 a= 707.7 [91Pot]

<24950 P4/mbm c= 397.9

ThB

UB cF52 a= 747.0 [9lPot],U-rich
12

<22350 Fm3m

UB a= 747.4 [9lPotJU-poor

UN cF8 a= 488.94 191Pot3

<28050 Fm3m

! NaC 1

01-UAN cIo a-1068 [85Vil]

1352-1000' 1a3
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ctU2 N hP5 a= 370 (85VilJ
<11320 P Mi c= 5e2. 5

La 0
BN o a-250..4 (85VilJ

BN c=666.1

*UE'N oCl2 a=35e.51 [9OKle]

Cmcm b=1182.73

UBC c=332.54
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Fig.1: Isothermal section of the system B - U -N at 1400*C under

1 bar of argon (in the absense of exiternal nitrogen )

N
U- B-N
Isotherm

80 80 1400 C

0
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U 0 20 ~ B B 20B

Atom Percent Boron

79



SYSTEM BORON - TITANIUM - NITROGEN (B-Ti-N)

INTRODUCTION / EXPERIMENTAL

Informations on the Ti-B-N ternary are due to [55Bre,B1Now],

[73Sam,80Yur,81Chu,83Tka,84Bor] and (879mL] with an early review by

[72Med].

Based on an early thermodynamic estimation of the reaction TiN +

2 BN == TiB3 + ! N. under 0.5 10 Pa of nitrogen, [55Bre] proposed

stability of the mixture TiN + BN up to ca 16000C. Accordingly phase

equilibria at 1500 0C under argon of 0.1Z N as derived by [61Now] are

characterized by the absence of ternary boronnitride compounds and by

a dominating three phase field TiB2 + TiNI X + BN. Based on these data

(8OYur] determined the heat of formation of TiB2  via the

experimentally monitored decomposition reaction of powder compacts TiN

+ 2 BN in the temperature range 1575 to 18500C as a function of

temperature. For equilibrium pressures of 100 Pa NZ the decomposition

was found to commence at ca 13500C [8OYurJ. These data are in

essential agreement with a DTA study revealing the onset of

decomposition at ca 1375 to 14400C [84Bor].
[81Chu] claimed the existence of a quasibinary section of the

eutectic type TiB2tTiN rovpolid *ma.l mutual valid valubilitie. at the

nitrogen-rich phase boundary TiNe. , whereas solubility of TiB 2  in

TiN... was said to increase up to ca 12 mol% at 23000C.

Phase equilibria in the B-Ti-N system have been furthermore

investigated [879mi] at 15000 under high vacuum or 1 bar Ar or under 1

bar N. respectively. Phase relations have been established from room

temperature X-ray powder diffraction analysis of about 10 binary and

25 ternary samples prepared by reaction sintering of cold compacted

powder blends of B, BN, Ti, TiN ,and of prealloyed binary borides,

which prior to use were crushed to a particle size smaller than 20gm

in a steel mortar and/or a WC-Co mortar rpspectively [879mi]. For

annealing in a 1 MHz-HP furnace ( under 1 bar of 5N-Ar or 5N-N. ) the

samples were kept on a hex-BN substrate within a molybdenum or

tubgsten musoeptor crucible. Heat treatments usually consisted of a

primary reaotion at 1500°C for 72h followed by a final reaction at

15000C up to 144h with an intermediate step of crushing and
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recompacting to ensure homogeneity. After heat treatment all samples

were radiation cooled. Starting materials were powders of 3N-Ti,

crystallized boron (99.8 Z B), TiNs_1 (99.8Z) and hexagonal boron

nitride of 99 Z nominal purity, which prior to use was outgassed in

high vacuum at 1400*C. Binary boride master alloys were prepared by

arc melting the elements together on a water cooled copper hearth

[879miJ.

BINARY SYSTEMS

The rein-estigation [871mi] of the B-Ti system in the range from

900 to 24000C revealed consistency with the data available in [84Vil],

and [9OMas]; a critical assessment is due to [88KurJ. The existence of

TiOB4 has been confirmed [87hmi] The maximal solid solubility of boron

in titanium was claimed to be less than 1 atZB at 15400C (66Rud] and

an interstitial type of B-solubility was suggested . The maximum solid

solubility of Ti in 19-B was reported to be less than 0.5 at% Ti at

-18000C from X-ray powder data [70Car] (see Table 1).

The phase diagram for the system Ti-N as given in [90Mas] has to be

modified according to [90Len] regarding the newly discovered phases

TiN 2 _x and Ti4N,-x [86Lenl,2].

Crystallographic information on the binary titanium compounds is

found in Table 1.

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 summarizes the results on the phase relations Ti-B-N at

1500°C under 1 bar Ar as observed by [81Now) and confirmed by [879mi].

Phase equil.ibria are characterized by the absence of ternary compounds

and by incompatibility of titanium metal and BN,, due to the

formation of a stable tie line TiB - TiN1  at temperatures below

1500 C. Heating binary as well as ternary alloys at 15000C under 1

bar Nt transfers all samples to the limiting tie line at the nitrogen

rich boundary TiN + BN, equilibrium being reaohed after 75h of

nitrogen exposure [871mi].

As sen from a comparision of the unit cell dimensions there is no

gignifioant solid solubility of Ti in BN up to 1500 C, and mutual
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solubilities of the titanium borides, the titanium nitrides and BN up

to 1500 0C are rather restricted [871miJ.

THERMODYNAMICS

A thermodynamic modelling of the binary system Ti-B is due to

[88MurJ; see Table 2. The enthalpy of formation of TiB. as derived by

[8OYurJ from the decomposition reaction TiN +2BN = TiB2 + ! N2 was
I-x a 2 a

given as AfH(298)-104867 kJ/gratom and is slightly lower than the

optimized value obtained from the modelling of the Ti-B binary (Table

2).

MISCELLANEOUS

Fig.2 presents three isopleths TiB2 -TiN,1 for x=0.04, 0.27 and
0.42 after (81ChuJ revealing the eutectic nature of the quasibinary
section TiB.-TiN and the increasing solubility of TiB. in TiN1 - with
increasing x and temperature.
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Table 1: Solid phases in the system B-Ti-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters
Range ( 0 ) Prototype ( pm )

P?-Ti c12 a= 330.85 (9Omas]

1883-882 0 ImSE

a-Ti hP2 a= 295.08 E9O~asJ
<882 0PY&/mm a= 488.35

Mg

ft-rhB hRlll a=1092.53 E7OCarl

(20920 Onm o=2381.03

13-B

a=1092.70 [7OCar] at TiBx
c=288.65

TiB op8 a= 458.01 [87 1 i

c: 190@ Pbnm b= 811.8

FeB c= 305.85

TiE1,o14 a= 328.28 [871miJ

<22000 Imam b=1373.5

Ta v 4  0= 303.98
TiB3  hP3 a= 303.58 E871mil

<32250 P8/mm o= 322.78

A182
s-TiaN tp8 a= 494.28 (85Vi1J

<1080o P4./anm c= 303.57 at 31 to 33 atx N

TiO3 L87LenJ

riT.., hR6 a= 297.95 [8Benl]
1103-1068 R~m o=2898.5 at 29 at% N

VTa 3 C2

1:-TimN- hR8 a= 298.09 (88Len2]
121108 Rm o=2186.42 at 31.5 atX N

v4c
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68-TiNI- til is 414. 0 [87LenJ metastable

<Boo* 141/smd c= 680.5 at 38 atX N

ThSiz?

TiIx cF8 a= 423.9 [85VilJ

Fm~m

NaCi

Bh hP* a= 250.4 [W5ill
P8*/mmc o 888.1

Table 2: Thermodynamic data for the system Ti-B-N

Phase AfG ( J/gramatom ) Ref.

1.0000 Ti AfG(Ti) =18234-8.388 T (86MurJ

1.0000 B &fUG(B) =50210-21.23 T

1.0000 *Ti AfG (osTi) =0

1.0000 OTi N~G (I3Ti = 4351-3.768 T

0.5000 TiB NG (TB) =-109721+13.23 T

0.1429 TiSB4  AtG(TiOB4 ) =-114028+12.12 T'

0.3333 TiBz AtG (T iBz) =-108753+5.49 T

1.0000 (39 AfG ((1) =0

Liquid AGx = x(1-x)(-272514-19.183 T + (-87899)(1-2x)+
+(-88144)(1-2x)3 .(-38210)(1-2x)')

0.5000 TiN AtG MTN) -187883+46.4424 T (25<T<882-C) [76Fro]

-189138.2+47.4884 T (882<T<12000C)
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SYSTEM BORON - ZIRCONIUM - NITROGEN (B-Zr-N)

INTRODUCTION / EXPERIMENTAL

Informations on the Zr-B-N ternary are due to [55Bre, B1Rud, 73Sam,

74Spiv, 840rd] and [871mi] with an early review by [72Med].

Based on an early thermodynamic estimation of the reaction ZrN +

2 BI == ZrB. + ! N. under 0.5 10 Pa of nitrogen, [55Bre] proposed

stability of the mixture ZrN + BN up to ca 15500C. Accordingly phase

equilibria at 15000C under argon of 0.1X N. as derived by [81Rud] are

characterized by the absence of ternary boronnitride compounds and by

a dominating three phase field ZrB2 + ZrNt x + BN.

[840rd] claimed the existence of a quasibinary section of the

eutectic type ZrB2+ ZrN revealing small mutual solid solubilities at

the nitrogen-rich phase boundary ZrN... (-2 moll ZrB. in ZrNo..).

Phase equilibria in the B-Zr-N system have been corroborated by

[871mi] at 15000 under high vacuum or 1 bar Ar or under 1 bar N.

respectively. Phase relations have been established from room

temperature X-ray powder diffraction analysis of about 10 binary and

25 ternary samples prepared by reaction sintering of cold compacted

powder blends of B, BN, Zr, ZrN ,and of prealloyed binary borides,

which prior to use were crushed to a particle size smaller than 20am

in a steel mortar and/or a VC-Co mortar respectively [879mi]. For

annealing in a 1 MHz-HF furnace ( under 1 bar of 5N-Ar or 5N-N 2 ) the

samples were kept on a hex-BN substrate within a molybdenum or

tungsten susoeptor crucible. Heat treatments usually consisted of a

primary reaction at 15000 C for 72h followed by a final reaction at

1500C up to 144h with an intermediate stop of crushing and

recompacting to ensure homogeneity. After heat treatment all samples

were radiation cooled. Starting materials were powders of 3N-Zr,

crystallized boron (99.8 1 B), ZrN (99.81) and hexagonal boron

nitride of 99 S nominal purity, which prior to use was outgassed in

high vacuum at 1400°C. Binary boride master alloys were prepared by

arc melting the elements together on a water cooled copper hearth

CS7emi].
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BINARY SYSTUNS

The reinvestigation (871mi] of the B-Zr system in the range from

900 to 24000C revealed consistency with the data available in [84Vil],

and [SOfas]; a critical assessment is due to [BBRog]. The maximal

solid solubility of boron in zirconium was claimed to be less than 1

atXB at 1880°C [88Rud] and an interstitial type of B-solubility was

suggested . The maximum solid solubility of Zr in A-B was reported to

be less than 0.5 atX Zr at -1800 C from X-ray powder data [81Cre] (see

Table 1). Fig.1 is a representation of the constitutional diagram

Zr-B.

The phase diagram for the system Zr-H is in accordance with [9OHas]

Crystallographic information on the binary zirconium compounds is

found in Table 1.

SOLID PHASES / ISOTHERNAL SECTIONS

Fig.2 summarizes the results on the phase relations at 1500 C under

1 bar Ar as observed by [6lRud] and confirmed by [871mi]. Phase

equilibria are characterized by the absence of ternary compounds and

by incompatibility of zirconium metal and BNhox due to the formation 3f
a stable tie line ZrB - ZrN1,x at temperatures below 15000C. Heating

binary as well as ternary alloys at 1500°C under 1 bar N. transfers

all samplei to the limiting tie line at the nitrogen rich boundary ZrN

+ B, equilibrium being reached after 75h of nitrogen exposure.

As seen from a comparision of the unit cell dimensions there is no

significant solid solubility of Zr in BY up to 15000 C. There is

furthermore no solubility of N in ZrB. whereas the solubility of

zirconium boride in the ziroonium nitride at 15000C was observed to be

rather extended [OlRud,87Kmi],see also Fig.2.

THIRODYNAMICS

A thermodynamic modelling of the binary system Zr-B is due to

[SSRocJ; s00 Table 2. For the calculation of the Zr-B-N phase

equilibria see [5Bre].

so



MI SCELLANEOUS

Fig.3 presents the isopleth ZrB -ZrI, for x=0.04 after E840rd]
revealing the euteotic nature of the quamibinary. Microhardness and

creep rate of ZrB,-ZrN composits have been studied by [74Spil.
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Table 1: Solid phame* in the system B-Zr-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (CC) Prototype ( pm )

13-Zr o12 a= 380.90 [9OMas]

1855-883 °  Imnm

a-Zr hP2 a= 323.16 [90Has]

<863 pe/Mac a= 514.75

Mg

13-rhB hRlll a=1092.78 [81Cre]

<2092°  R3m o=2381.41

13-B
a=1095.84 [78Car] at ZrB.,

c=24.0201

ZrB2  hP3 a= 316.94 [82Lei] Zr-rich

<32450 PB/mM. c= 353.03

AlB z  a= 316.92 [82Lei] B- rich

c= 353.09

ZrBz cF52 a= 740.8 [85Vil]

2250-17100 Pm~m

UB&

ZrN-x oF8 a= 458.5 [85Vil]

NaC1

BNbo x  hP* a= 250.4 [85Vil]

Pee/mac c= 888.1

hex
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Table 2: Thermodynamic data for the system Zr-B-I

Phase &rG ( J/gramatom ) Ref.

1.0000 Zr A,,P(Zr) = 21000-9.888 T [88RogJ

1.0000 B At,OG(B) =50210-21.23 T
1.0000 aZr AtG (aZr) =0

1.0000 19Z r AtG (IZr) =4103.3-3.801 T

0.3333 ZrB. &AG (ZrB.) =-108800+4.98 T
0.0789 ZrB 1 2  AG(ZrB t2 ) =-20200-1.93 T

1.0000 O3B AtG (/3B) =0

Liquid(Zr,B) hG~x x(l-x)(-185408-16.03 T + (66465)(1-2x)+

+(13412)(1-2x)')

0.5000 Zrt4 A~G (ZrN) =-183230+48.325 T (76FroJ
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Fig.1: The binary system Zr - B; based on (9OMasJ and

E879miJ.

Zirconium - Boron
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Pie.2: Isothermal section at 15000C in the system Zr - B -N
uinder 1 bar Ar (in the absence of external nitrogen) (679i.

* two phases NZ--
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SYSTEM BORON - HAFNIUH - NITROGEN (B-Hf-U)

INTRODUCTION / EXPERIKTAL

Informations on the Hf-B-N ternary are due to [1Rud, 73Sam, 840rd]

and [071 1 3i with an early review by [72Hed].

Phase equilibria at 15OC under argon of 0. 1 NZ as derived by

[8lRud] are characterized by the absence of ternary boronnitride

compounds and by a dominating three phase field HfBa + HfN,_ x + BN.

[840rd] claimed the existence of a quasibinary section of the

eutectic type HfBz+ HfI revealing small mutual solid solubilities at

the nitrogen-rich phase boundary HfK. 9 7 (-2 molZ HfB, in HfU 0 . ).

Phase equilibria in the B-Hf-N system have been corroborated by

[87LmiJ at 15000 under high vacuum or 1 bar Ar or under 1 bar N.

respectively. Phase relations have been established from room

temperature X-ray powder diffraction analysis of about 10 binary and

25 ternary samples prepared by reaction sintering of cold compacted

powder blends of B, BN, Hf, HfN ,and of prealloyed binary borides,

which prior to use were crushed to a particle size smaller than 20am

in a steel mortar and/or a VC-Co mortar respectively [871mi]. For

annealing in a 1 MHz-HF furnace ( under 1 bar of 5N-Ar or 5N-U. ) the

samples were kept on a hex-BN substrate within a molybdenum or

tungsten susceptor crucible. Heat treatments usually consisted of a

primary reaction at 1500°C for 72h followed by a final reaction at

1500C up to 144h with an intermediate step of crushing and

recompacting to ensure homogeneity. After heat treatment all samples

were radiation cooled. Starting materials were powders of $0-Hf,

crystallized boron (99.8 X B), HfIl-x (99.8X) and hexagonal boron

nitride of 99 X nominal purity, which prior to use was outgassed in

high vacuum at 1400°C. Binary bouide master alloys were prepared by

arc melting the elements together on a water cooled copper hearth

BINARY SYSTEMS

The reinvestigation (87Imil of the B-Hf system in the range from
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900 to 2400oC revealed consistency with the data available in [84Vil],

and (90Mas]; a critical assessment is due to [88Rog]. The maximal

solid solubility of boron in hafnium was claimed to be less than 2

atZB at 1880*C [88Rud] and an interstitial type of B-solubility was

suggested . The maximum solid solubility of Hf in jl-B was reported to

be less than 0.5 at% Hf at -18000 C from X-ray powder data [81Cre) (see

Table 1). Fig.1 is a representation of the constitutional diagram

Hf-B.

A critical assessment of the phase diagram for the system Hf-N is

due to [900ka]

Crystallographic information on the binary hafnium compounds is

found in Table 1.

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.2 summarizes the results on the phase relations at 15000C under

1 bar Ar as observed by [6Rud] and confirmed by (87§mi). Phase

equilibria are characterized by the absence of ternary compounds and

by incompatibility of hafnium metal and BNRh x due to the formation of

a stable tie line HfB - HfNA x at temperatures below 1500
0 C. Heating

binary as well as ternary alloys at 1500 C under 1 bar N. transfers

all samples to the limiting tie line at the nitrogen rich boundary HfN

+ BN, equilibrium being reached after 75h of nitrogen exposure.

As seen from a coaparision of the unit cell dimensions there is no

significant solid solubility of Hf in BN up to 15000 C. There is

furthermore no solubility of N in HfB, , whe r eas the solubility of

hafniumboride in hafniumnitride at 15000C was observed to be rather

extended [61Rud,879mi], see also Fig.2.

THERMODYNAMICS

A thermodynamic modelling of the binary system Hf-B is due to

[SRog]; see Table 2. The thermodynamic data available are consistent

with the ternary phase equilibria experimentally observed.

MISCILLANEOUS

Fig.3 represents the isopleth HfB-HfNEg for x=0.03 after [840rd]

revealing the eutectic nature of the quasibinary.
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Table 1: Solid phases in the system B-Hf-N

Phase / Pearson Symbol/ Lattice Comments
Temperature Space Group / Parameters

Range ( 0C) Prototype ( pm )

13-Hf c12 a= 381.0 [somas]

2227-17430 Iuaa

a-Hf hP2 a= 319.48 ESO~as]

<17430 pea/Eze 0= 505.10

Hg
t?-rhB hR1ll a=1092.78 (8lCreJ

(20920 R~m o=2381.41

13-B

a=1095.57 (BiCre] at HfB4,
c=24.0244

HfB oP8 a= 492.38 (879mi)

<21000 Pbnm b= 652.4

FeB c= 322.35

HfB 2 hP3 a= 314.28 (879miJ Hf-rich

( 33800' P8/mmm c= 347.89

AlBa a= 314.31 [879i B- rich

c= 347.80
HfNX hR6 a= 320.8 (85Vi1)

<19700 On. c=2328.

VTa ac,
H4Nv hR8 a= 321.4 (85VilJ

<2300 Onm c=3112

v4C
HfI 1  cps a= 451.18 [85VilJ

Fm~m

Bi hox hP* a= 250.4 [85VilJ

p6g/uae C= 888.1
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Table 2: Thermodynanic data for the system Hf-B-N

Phase &tG ( J/gramatom ) Ref.

1.0000 Hf Af,,G(Hf) = 27198-10.881 T [88Rog]

1.0000 B At,G(B) = 50210-21.23 T

1.0000 alif AfG (aHff) = 0

1.0000 u3Hf AfG (19Hf) = 5880.3-2.907 T

0.5000 HfB AtG (HfB) =-98800-8.30 T

0.3333 HfB2  AtG (HfBx) =-109500+4.13 T

1.0000 08 AfG (MB) = 0

Liquid(Hf,B) AGex= x(l-x)(-157123-17.19 T + (38259+8.668 T)(1-2x)+

+(2497)(1-2x) 2

0.5000 HfN AfG (HfN) -1845105+42.48 T [78Fro]
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Fig.l: ?he binary system Hf -B; based on [OO0kaJ and

(87lui].
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Fig.2: Isothermal section at 1500 C in the system Hf -B -N

under 1 bar Ar (in the absence of external nitrogen) [879miJ.

N
* two phases Hf -B-N
* three phases Isotherm
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S(2732 F)

04
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OC-Hf20
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Hf 20HfB W8 2  80 B

Atom Percent Boron
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l.3: The oosmutratlem mtat~ BDB3 49u at z x O.-O8

(bmWe an CS4Od3).
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SYSM SOkn- VA 54NM - MTN'$Ii (0- V-R)

INTOUTION / WUIRINTAL
Informations on the V-B-N ternary are due to (OSpe] and (8ORe.].

[GoSpe] reported phase equilibria under 1 bar of nitrogen and
listed the temperatures at which three solid phases are in
equilibrium with the San phase:
VN Ia. + VB + SB at 2010( 20)K

VB + VaB + BY at 2180( 25)K

V8B4 + V2 68 + BH at 2290( 30)K

VMBs + VB2 + B0 at 2290( 30)K

VS, + B + BN at 2600(100)K

No details were given for the region V + VMS- + VB ,however, V.B=
was said to react with VZHA_3 under 1 bar HN below ca 2010 K to

VNS_x + B (68Spe] (see also Pig.1).
Phase equilibria in the B-V-N system have been furthermore

investigated [89Rem] at 12000 under high vacuum or 1 bar Ar or under

1 bar N. respectively. Phase relations have been established from
room temperature X-ray powder diffraction analysis of about 20

binary and 25 ternary samples prepared by reaction sintering of cold
compacted powder blends of B, SN, V. VN ,and of prealloyed binary

borides. which prior to use were crushed to a particle size smaller
than 20mm in a steel mortar and/or a NC-Co mortar respectively

(Oblm]. For annealing in a 1 MHs-HF furnace ( under 1 bar of 5N-Ar
or 5 -Ea )the samples were kept on a hex-SN substrate within a
molybdenum or tungsten susooptor crucible. Heat treatments usually
consisted of a.primary reaction at 1200°C for 72h followed by a

final reaetion at 1200'C up to 144h with an intermediate stop of
crushing and rooompacting to emur6 homogeneity. After heat
treatment all samples were radiation cooled. Starting materials were

powders of 3N-V, crystallized boron (99.8 X 5). VI,,- (99.6Z) and
bexagonal boron nitride of 99 X nominal purity, which prior to use

was outeaseod in hlgh vacuum at 1400°C. Binary boride master alloys
were prepared by air melting the elements together on a water cooled
copper hearth (oS ].
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BINARY SYSTEMS

The reinvestigation [89RoM] of the B-V system in the range from

900 to 1800°C revealed consistency with the data available in

E84Vil], and E9O~au]; a critical assessment is due to [87Spo]. The

maximal solid solubility of boron in vanadium was claimed to be less

than 1 atZB at 1737°C [8SRudJ ; an interstitial type of B-solubility

was suggested . The maximum solid solubility of V in f3-B was

reported to be le than 1 atZ V at -1800 0 C from X-ray single

crystal data obtained on VB8 5 and VB 18 5 by [8BGarJ (see Table 1).

Fig.1 is a representation of the constitutional diagram V-B.

The phase diagram for the system V-N is taken from [9OMas]

modified according to [780no,820noJ regarding the various ordered

structures ocurring within the homogeneity range of 1-VN,_x ( see

Table 1 ) A detailed discussion of solubility data , physical

properties and thermodynamic data is found in (7VFroJ.

Crystallographic information on the binary vanadium compounds is

found in Table 1.

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.2 summarizes the results on the phase relations under 1

bar N2 as observed by [68Sp0].

Figs.3,4 represent the isothermal sections at 1200°C under 1 bar

Ar and under 1 bar of N. respectively [B9Remi. Phase equilibria are

characterized by the absence of ternary compounds and by

compatibility between the higher vanadium borides and BN. Vanadium

metal in not compatible with BNhX due to the formation of a stable

tie line VB - VNI at temperatures below 1750°C. Heating binary as

well as ternary alloys at 1200 C under 1 bar N. transfers all

samples to the limiting tie line at the nitrogen rich boundary VN +

BE, equilibrium being reached after 75h of nitrogen exposure (Fig.3,

As seen from a comparision of the unit cell dimensions there is

no signifioant solid solubility of V in BE up to 100°C, and mutual

solubilities of the vanadium borides, the vanadium nitrides and BE

up to 1200°C are rather restricted [89Rem].
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THERMODYNAMICS

A thermodynamio modelling of the binary system V-B is due to

[87Spe]; see Table 2.
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Table 1: Solid phase. in the system B-V-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range ( 0C) Prototype ( pm )

V ON2 a= 302.40 [9OIasJ

<ig910 Inmm

ft-rhB hRlll a=1092.51 [85VilJ

<20920  On o=2381.43 [85VilJ

a=1097.2 [88GarJ at VB05
c=2390.8

a=1094.9 [B6Gar) at VB Id
c=2384.0

V9B2  tPlo a= 574.14 [89Rem)

<19000 P4/mbm c= 302.95

VB oC8 a= 308.03 [89ROM)

<25700 Cmem b= 805.40

CrB c= 297.20

dValle oC22 a= 297.84 (89ROM)
150Cam b=2130.8

Valle a= 305.85

VO3B4  o114 a= 306.06 (89ROmJ

<28100 Imm b=1322.0

Ta.3B4  o= 29.8.10

amoC2O a= 305.88 [M9eal
<80*CMOs b=1842.2

V B* o= 298.48

VB 2 hP3 a= 299.89 (89RemJ

<2747* PB/mma 3: 05.80

V,,14  hP* a= 491.0 [820no2

PS*22 az 455.
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A

Van hPS a= 491.7 [85Vi1J

PSa22 a= 458.8
I-n I~.a

Vea~ad tP58 a=2a(V V) [780no]

<520* P4,/nmc o=2a(VN )
V.~z

VNIIx cp8 a= 413.6 [85Vii]

Fm~m

IaC1

BN h x  hP* a= 250.4 [85Vil]

P88/33o 0= 868.1

BN hex

Table 2: Thermodynamic data for the system V-B-N

Phase AtG ( J/gramatom ) Ref.

1.0000 V Af..G(V) = 20950-9.63 T [87Spe]

1.0000 B &ruOG(B) = 50210-21.23 T

1.0000 V "rG (V) = 0
0.4000 VSB 2  'tG (VaB 3 ) =-58070+1.87 T

0.5000 VB AtG (VB) =-69134+2.51 T

0.5450 V5Bd AtG(VaBO) =-70116+2.85 T

0.5710 V9B 4  AhG(VOB 4 ) =-70290+2.85 T
0.6000 VaB s  AtG(VaB s ) =-89856+3.05 T

0.3333 VB 2  AG(VB2 ) =-87853+3.35 T

1.0000 oB A G (3B ) = 0
Liquid(VB) AG*"= x(1-x)(-188352+12.55 T + (107479-43.82 T )(1-2x)

+57518(1-2x) a

0.3431 V2No.ooAG(V1o. )=-89591+30.55 T [78FroJ

0.5000 VVIA x A(G (VNI_x) =-77404+46.024 T [82PomJ
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Fig.1: The binary system V -B; based on (85Rud, 8HasJ and

[89RemiJ.
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Pig.2: Phase relations in the system V -B X
under 1 bar N a ( af ter f88Spe3 ) the temperatures l istedrefer to the maximal temperatures under which three solid
phases are stable under 1 bar Na.

N

V- B-N
so 80 equil. temperatures
80 80 t 1 atm. N2

0 K. Spear et at., 1968
VNI-x+sN +N2

60 650 t20 K 60

2010 20 20K

V20 V3B 2  VS 384 V283 V82  80
Atom Percent BoronB
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Fig.3: Isothermal section at 1200*C in the system V -B -1

(in the absence of external nitrogen)

N
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Fig.4: Isothermal section at 12000C in the system V - B - N

under 1 bar N..

V-B-N
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SYSTEM BORON- NIOBIUM - NITROGEN (5-Nb-U)

INTRODUCTION / EXPERIMENTAL

Informations on the Nb-B-N ternary are due, to a recent

investigation by [88Rog,89Kle3 at 1400° under high vacuum or at

1200°C under 1 bar of Ar respectively. Phase relations have been

established from room temperature X-ray powder diffraction analysis

of about 15 binary and 30 ternary samples prepared by reaction

sintering of cold compacted powder blends of B, BE, Nb, NbN ,and of

prealloyed binary borides, which prior to use were crushed to a

particle size smaller than 20m in a steel mortar and/or a NC-Co

mortar respectively [SRog,89Kle]. For annealing in a 1 MHz-HF

furnace ( under 1 bar of 51-Ar or 5M-E ) the samples were kept on a

hex-BE substrate within a molybdenum or tungsten susceptor crucible.

Heat treatments usually consisted of a primary reaction at 12000C

for 70h followed by a final reaction at 1200 C up to 144h with an

intermediate step of crushing and recompacting to ensure

homogeneity. Treatments in vacuum (10-Pa) usually were 64h at

1400°C. After heat treatment all samples were radiation cooled.

Starting materials were powders of S3-Nb, crystallized boron (99.8

X B), NbN (99.8%) and hexagonal boron nitride of 99 % nominal

purity, which prior to use was outgassed in high vacuum at 14000C.

Binary boride master alloys were prepared by arc melting the

elements together on a water cooled copper hearth [88Rog,89Kle].

BINARY SYSTEMS

The reinvestigation [89Kle] of the B-Nb system in the range from

900 to 1600°C revealed consistency with the data available in

[64Vil], and [SBRud]; the data of [8BRud] , however, are modified

with respect to the formation of Nbs., B 8Rog, 89Kle]. The maximal

solid solubility of boron in niobium was claimed to be less than 2

atXB at 2165C [SSRud] ; an interstitial type of B-solubility was

suggested . The maximum solid solubility of Nb in ft-B was reported

to be less than 0.5 atX Kb at -18000C from X-ray powder data [81Cre]

(see Table 1). Fig.1 is a representation of the constitutional

diagram Nb-B.
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The phase diagram for the system Nb-V is essentially based on the

critical assessment by [79Pol]. A detailed discussion of solubility

data , physical properties and thermodynamic data i. found in

[7Fro.

Crystallographic information on the binary niobium compounds is

found in Table 1.

SOLID PHASES / ISOTHERMAL SECTIONS

Figs.2,3 represent the isothermal sections at 12000C under 1 bar

Ar and at 1400°C under a vacuum of 1O-sPa respectively [88Rog,89Kle].

Phase equilibria are characterized by the formation of at least two

ternary compounds Nb2BN which is a superconductor (Tc=2.5 K) and a

phase 0 whose crystal structure has not been solved yet. Whereas

compatibility exists between the higher niobium borides and BN,

niobium metal is not compatible with BNh.X due to the formation of a

stable tie line EbB - NbREIX at temperatures below 1400°C. Heating

binary as well as ternary alloys at 12000C under 1 bar N. transfers

all samples to the limiting tie line at the nitrogen rich boundary NbN

+ BB, equilibrium being reached after 75h of nitrogen exposure

[89le]).

A. seen from a comparision of the unit cell dimensions there is

no significant solid solubility of Rb in BN up to 14000 C, and mutual

solubilities of the niobium borides ,the niobium nitrides and BN up

to 12000C are rather restricted [8911e].

THERMODYNAMICS

A thermodynamic description of the binary system Nb-B is

due to E84Kau]; see Table 2.
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Table 1: Solid phases in the system B-Nb-I

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (°C) Prototype ( pm )

lb o12 a= 330.04 [901am)

<2489 °  ImSm

ft-rhB hRlll a=1092.51 [85VilJ

<20920 Rm o=2381.43 [85Vil]

(3-B
a=1091.91 [81Cre] at O.5atNb

C=2382.24

lb9Bz  tPlO a= 819.79 [89Kle]

<2080°  P4/mbm c= 329.28
U3~2

NbB oC8 a= 329.74 [89K1e]

<2917°  Cze b: 872.38

CrB C 318.69

NbOB4  oC22 a= 315.30 [89K1e]

Cmm b=2274.4
SVB 330.49

NbqB,  oI14 a= 330.19 [89Kle]

<29350 Imsm b=1408.2

TaB 4  o= 314.51

NbBs  hP3 a= 311.26 (89Kle] lb-rich

<3038' P8/mm o= 328.27

AIB, a= 308.81 [89Kle] B- rich

ot 330.89

Nb33 (h2) hP9 a= 526.7 [85V1ll
PSim 0= 496.8
v,.

r-Nb41N ti14 a= 438.2 [85Vil

14/mam a: 883.2

Nb,6N1

lie.



6-IbN c ps a 439.4 [B5VilJ

MaCi

c-NbN hP8 a= 295.8 (85Vil]

P8,S/mc o=1127.3

NbON45 hP22 a= 519.3 [85VilJ

P8,/mac c=1038.0

NbGBO

Nb4M1, tile a= 887.3 (85VilJ

14/m c= 429.8

RhLi-6 N
BN h, hP* a= 250.4 (85VilJ

P8,/mac C= 888.1

" Nb2BN oCiB a= 317.12 (88Rog,89KleJ

Caca b=1785.04

MOSBC o= 311.45
" NbNZ oP* (89K~eJ

Table 2: Thermodynamic data for the system Nb-B-N

Phase AfG ( J/gramatom )Ref.

1.0000 Rb AfuoG(Nb) = 18110-10.275 T (84KRu]

1.0000 B A 0O(B) = 50210-21.23 T

1.0000 Nb ArG (Nb) = 0
0.2000 NbSB2 ArG(Nb9Bz) = -51078+0.033 T
0.5000 NbB AtG(NbB) =-82722-0.48 T

0.1428 MbOB4 AtG(Nb8B ) = -70838+0.81 T
0.3333 NbB, AtG(NbB,) =-85548+2.98 T

1.0000 11B ArG (f09) =0

Liquid(NbB) AO"= x(1-x)(-84338(1-x)-234990x.4.184 T)

0.3333 IbuE ArG (Nb2N) -90793.30.98 T [78Fro]
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Fig.1: The binary system Nb -B; based on [85RaudJ and

[89Kle.

Niobium - Boron
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Fi9.2: Isothermal section at 1200 0C in the system Nb -B - 1
(in the absence of external nitrogen)

N
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Fig.3: Isothermal section at 14000C in the system Nb - B - N

under a vacuum of 10'Pa.

N
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SYSTEM BORON- TANTALUM - NITROGEN (B-Ta-N)

INTRODUCTION / EXPERIHETAL

Informations on the Ta-B-K ternary are due to a recent

investigation by E89Kle] at 14000 under high vacuum or at 1200°C

under 1 bar of Ar respectively. Phase relations have been

established from room temperature X-ray powder diffraction analysis

of about 15 binary and 25 ternary samples prepared by reaction

sintering of cold compacted powder blends of B, BN, Ta, TaN ,and of

prealloyed binary borides, which prior to use were crushed to a

particle size smaller than 20jum in a steel mortar and/or a UC-Co

mortar respectively [89KleJ. For annealing in a 1 HHz-HF furnace

under 1 bar of 5N-Ar or 5N-K2 ) the samples were kept on a hex-BN

substrate within a molybdenum or tungsten susceptor crucible. Heat

treatments usually consisted of a primary reaction at 12000C for 70h

followed by a final reaction at 12000 C up to 144h with an

intermediate step of crushing and recompacting to ensure

homogeneity. Treatments in vacuum (1O-aPa) usually were 64h at

1400°C. After heat treatment all samples were radiation cooled.

Starting materials were powders of 3N-Ta, crystallized boron (99.8

X B), TaN (99.8%) and hexagonal boron nitride of 99 2 nominal

purity, which prior to use was outgassed in high vacuum at 1400°C.

Binary boide master alloys were prepared by arc melting the

elements together on a water cooled copper hearth [89Kle].

BINARY SYSTEKS

The reinvestigation [89RKle] of the B-Ta system in the range from

900 to 16000 C revealed consistency with the data available in

[84Vill, and ESBRud,7lPor]; the data of [86Rud] are preferred,

however, are modified with respect to recent reports on the

existance of TaB* [900kaJ.The maximal solid solubility of boron in

tantalum was claimed to be less than 2 atXB at 2385°C [68Rud] ; an

interstitial type of B-solubility was suggested . The maximum solid

solubility of Ta in P-B was reported to be less than 0.5 atX Ta at

'100C from X-ray powder data [81CreJ (see Table 1). Fig.1 is a

representation of the constitutional diagram Ta-B.
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A
The phase diagram for the system Ta-N is essentially based on the

work of [83Ett] and [84Koy]. A detailed discussion of solubility

data , physical properties and thermodynamic data in found in

E?8Fro].

Crystallographic information on the binary tantalum compounds is

found in Table 1.

SOLID PHASES / ISOTHERMAL SECTIONS

Figs.2,3 represent the isothermal sections at 1200 0 C under 1 bar

Ar and at 1400 C under a vacuum of 10-sPa respectively [89Kle].

Phase equilibria are characterized by the absence of ternary

compounds and by compatibility between the higher tantalum borides

and BN. Tantalum metal is not compatible with BNhx due to the

formation of a stable tie line TaB - TazN,_x at temperatures below

14000C. Heating binary as well as ternary alloys at 12000C under 1

bar N transfers all samples to the limiting tie line at the

nitrogen rich boundary TaN + BN, equilibrium being reached after 75h

of nitrogen exposure [89Kle]). High pressure experiments (1000 0C,6.0

GPa) proved the absence of hypothetical "TaBN" isotypic with Nb2 BN

[88Rog].

As seen from a comparision of the unit cell dimensions there is

no significant solid solubility of Ta in BN up to 14000 C, and mutual

solubilities of the tantalum borides, the tantalum nitrides and BN

up to 12000 C are rather restricted [89Kle].

THERMODYNAMICS

Only limited information on the thermodynamic data of the tantalum

borides and nitrides is available; see Table 2.

i
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Table 1: Solid phases in the system B-Ta-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (°C) Prototype ( pm )

Ta c12 a= 330.30 [E0Mas]

<30200 Im5M

9-rhB hRll a=1092.51 [85VilJ

<20920 R~m c=2381.43 [85Vii]

It-B
a=1092.05 [81Cre] at 0.SatXTa

c=2388.73

Ta2B tI12 a= 577.93 [89Kle]

2417-2040°  14/ncm c= 488.38

Ta.B. tPlO a= 619.27 [89Kie]

<2180°  P4/mbs c= 330.27

UsSi
z

TaB oC8 a: 327.49 [89Kle]

<30900 Cmom b= 868.16

CrB c= 315.84
TaSBO  oC22 a= [900ka)

Cmn b=
VsBd =

TaOB4 o114 a= 328.84 [89Kle]

<3030°  Imam b=1399.68

TaqE4  o 313.20

TaBa hP3 a= 309.73 [89Kle] Ta-rich

<30370 P/mm c= 322.57

A1B, a= 305.86 [98Kle] B- rich

o= 328.92

TaON, o** a=1010. [85Vil]

<790

TaN (hi) hP3 a= 304.78 [85Vil]

2950-1650 P8s/|mo o= 491.87
Fall



TaZN (h2) hP9 a= 528.5 [85VilJ

<1850 P51m o= 491.9

Vt'

6-TaI X  oF8 a= 433. [85Vil]

<1750 '  Fuaga
N aC 1

c-TaN hP8 a= 519.6 [85Vil]

<19500 P62m a= 291.1

Ta'

TaN 0  hP22 a= 516. [85Vii]
Pea/mmc c=1027.

NbONO

Ta4NI tile a= 883.1 [85Vil]
14/a c= 428.9

RhLi4N4
Bmh*K hP* a= 250.4 (85Vil]

P65/mmo C= 888.1
BN he x

Table 2: Thermodynamic data for the system Ta-B-N

Phase AtG ( J/graaatom ) Ref.

1.0000 Ta AtgG(Ta) = 38588.2-11.224 T

1.0000 B At.G(B) = 50210-21.23 T

1.0000 Ta AtG (Ta) = 0

1.0000 M ArG (3) = 0

0.3333 Ta2N ArG(Ta 8N) -67920+17.015 T [78FroJ

14
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Fig.1: The binary system Ta -B; based on [B5RudJ and

[8911.].
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Fig.2: Isothermal section at 1200&C in the system Ta -B -N

(in the absence of external nitrogen)
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Figf.3: Isothermal seaction at 1400 0C in the snystem Ta 8 N

under a vacuum of 1O-lPa.
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V
SYSTEM B011- CIKROIUM - HITROGI (B-Cr-N)

INTRODUCTION / XPERIMNTAL
Information. on the Cr-B-I ternary are due to [lKis,55Bre,8OKat]

and (S71miJ.

The thermal stability of binary chromium bortden was investigated

in a dry stream of amonia at temperatures below 1180C by [51Kis].

The resistance against attack by ammonia was found to increase with

the boron content and no mutual solid solubilities were observed among

borides and nitrides [51is]. Temperatures below 700 C were observed

to be insufficient and chromium boides remained unchanged, whereas at

temperatures 11000 and 1180*C the decomposition reaction was found to

be complete for all chromium boides reaching the limiting tie line

Crl + B1 [51Kis].

From a preliminary study of the thermodynamic stability of chromium

borides 5Bre] concluded instability of the tie line CrK + BN under

0.5 bar N. and temperatures above ca 1000*C; similarly the CrzN + BN

equilibrium was calculated to be unstable above ca 1000 to 12000 C, and

in the temperature region 1200 to 17000C the chromium borides were

said to remain stable under a partial pressure of 0.5 bar N. [55Bre].

[BOKat] reinvestigated reactions and phase relations in the ternary

system at 1800°C under 1 bar N. revealing the formation of three-phase

equilibria among two solid phases and nitrogen i.e. CrW + Cr.8 + N,

Cr2B + Cr.B. + N and Cr.B. + BN + N. Accordingly chromium borides with

a boron content higher than CreB were found to decompose into Cr.B. +

BE. For Cron this decomposition process was demonstrated to follow a

stepwise reaction path according to the following scheme being

complete after 80 hre:

3 CrB2 + a = Cr.B + 2 BN,
CrB 4 + 1/2 N, : 3 CrB + BE and

5 CrB + Na = CreB + 2 B0.

Phase equilibria in the B-Cr-N system have been furthermore

investigated 871 mi3 at 10000 under high vacuum or 1 bar Ar

respectively and at 1400° under 1 bar Ar or 1 bar N. respectively.

Phase relations have been established from room temperature X-ray

pouder diffraction analysis of about 20 binary and 40 ternary samples

prepared by reaction mintering of cold compacted powder blends of B,
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BE, Cr, Crab or Cr1 ,and of prealloyod binary boides, which prior to

use were crushed to a particle size smaller than 20on in a steel

mortar and/or a VC-Co mortar respectively [87 1mi]. For annealing in a

1 KHz-HF furnace ( under 1 bar of 5N-Ar or 59-H ) the samples were

kept on a hex-BE substrate within a molybdenum or tungsten susceptor

crucible. Heat treatments in vacuum sealed quartz capillaries usually

consisted of a primary reaction at 1000C for 170h followed by a final

reaction at 1000C ( or 14000 respectively ) for up to 400h with an

intermediate step of crushing and recoapacting to ensure homogeneity.

After heat treatment all samples were radiation cooled. Starting

materials were powders of 31-Cr, crystallized boron (99.8 X B), CrN,

CrzN (99.8X) and hexagonal boron nitride of 99 X nominal purity,
{which prior to use was outgassed in high vacuum at 14000 C. Binary

boide master alloys were prepared by arc melting the elements

together on a water cooled copper hearth [879mi].

BINARY SYSTEMS

The reinvestigation [87Smi] of the B-Cr system in the range from

900 to 1600 C revealed consistency with the data available in [84Vil],

and [901am]. The maximal solid solubility of boron in chromium was

claimed to be 0.72 atXB at 1100°C [84ShaJ or 0.8 atXB at 1500°C

[71BorJ ; an interstitial type of B-solubility was suggested . The

maximum solid solubility of Cr in -B was reported to be less than 2.4

atX Cr at -1800OC from X-ray single crystal data by E70And] (see Table
! 1). "CrOB", Cr.B." and tetragonal "t-CraB" with the CuAl.-type were

shown to be impurity phases or metastable [879mi]. The existence of

the CrB-type has been confirmed from samples annealed above 1000°C,

whereas alloys prepared from sinter procedures at temperatures below

1000 C revealed an X-ray powder pattern essentially corresponding to

the MoB-type [871mi]. It was shown that the X-ray pattern merely

arises from rather statistically than regularly ocurting shifts by a

vector of 1/2( a+b )CrB without long range order and with an overall

average length of *a 80 1 for the undisturbed NoB-type units [87SmiJ.

CrR* was never observed in alloys heat treated below 12006 C and thus

was suspected to be a high temperature compound (879ml]. Fig.1 is a

representation of the constitutional diagran Cr-B.

The phase diagram for the system Cr-N is taken from [88Hof]
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modifiedl aording to [7?Fro]. The two ohromium nitrides reported,
Crs8 and CrY. are unstable at 100°C for p(H#) loe than 70 Pa. A +

detailed discussion of solubility data ,physical proportion and

thermodynamic data in found in E?@Fro].

Crystallographic information on the binary chromium compounds is

found in Table 1.

SOLID PHASES / ISOTHERMAL SECTIOBS

Pigs.2-8 represent the isothermal sections at 1800°C under 1 bar

N. after ESOKat], and at 1000C under 1 bar Ar ( from alloys sealed in

quartz capillaries), at 1000C under high vacuum and at 1400aC under 1

bar Ar ( in the absence of external nitrogen pressure ) and under 1

bar B respectively [879mi]. Phase equilibria are characterized by the

absence of ternary compounds and by compatibility between the higher

chromium borides and BR. Chromium metal is not compatible with BNh*X

due to the formation of a stable tie line Cr.B - Crza1 at 10000C. The

limiting tie line Cr1 + BN and the formation of a three-phase

equilibrium CrN + BN + N at 1OOOcC is due to nitrogen build-up within

the sealed quartz capsules stabilizing CrN (Fig3). Application of a

high vacuum (104Pa) at 1000°C results in a rapid decomposition of CrN

+ BN into Cr2N + BN followed by a subsequent but rather slow

decomposition of Cr 2N (Fig.4,[87imiJ) in perfect agreement with the

decomposition pressure of the binary chromium nitrides (see

V76Fro,70121]).

Phase equilibria at 1400°C and 1 bar Ar are characterized by the

instability of Cr and Cr3R and by an increased stability of the

binary chromium borides against nitrogen (Fig.5). Heating binary as

well as ternary alloys at 1400@C under 1 bar V transfers all samples

to the limiting tie line at the nitrogen rich boundary CrN + BR,

equilibrium being reached after ?5h of nitrogen exposure (Fig.6,

CS7 ]i3).
As seen from a comparision of the unit cell dimensions there is no

significant solid solubility of Cr in B1 up to 1800°C, and mutual

uolubilitie of the chromium borides, the chromium nitrides and BN up

to 1600C ae rather restricted ES0KatOTsi].
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THIRMODYNAMICS

A thermodynaaio modelling of the binary system Cr-B is due to

[88Lia]; see Table 2. Thermodynamic data of the chromium nitrides are

due to [76Fro] and E70Mil].
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Table 1: Solid phases in the system B-Cr-H

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range ( C) Prototype ( pm )

Cr e12 a= 388.48 [9Omas)

cl.883* Im~m

17-rhB hRll1 a=1092.51 [85Vil)

(20920 R~m c=2381.43 [85VilJ

13-B
a=1098.B6 [SiCre) at 2.4atCr
c=2385.14

Cr aB oF40 a=1470.6 (879mi)

<1870* Fddd b= 741.33

o-Kn ZB o= 425.35

CrwBq t132 a= 546.40 [879miJ

<(1900,0C 14/mcm c=1011.0

Cr.B.

T-CrB tile a=294.93 [879miJ

(10000 Transpos.Type b= 788.4

a-MoB-rel. o= 294.32

A-CrB oC8 a= 298.89 [879siJ

< 2095* CMOs b= 788.89

CrB 0: 293.33

Cr vB4  0114 a= 298.58 [879miJ
* 2075* Iam b=1302.2

TaB94  o= 295.25
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CraBs oC20 a= 302.84 [870kaJ

Cues b=1811.5

CrB, bP3 ah 297.32 [871mi]

<2200* P8/mam o 307.25

CrB, o110 a 474.99 [879mi]

<1450 Imm b= 547.89

CrB, o= 286.82

CrzH hP9 a= 479.6 [86Vil]
P6S22 o= 447.0 (87Smi]
MnzNo. e.

Cr1 cF8 a= 414.8 [67Bmi]

BIhNx  hP* a= 250.4 [85Vi1]

P6,/Ma c= 6886.1

Table 2: Thermodynamic data for the system Cr-B-N

Phase AtG ( J/gramatom ) Ref.

1.0000 Cr A,. G(Cr) 21004-9.8349 T [86Lia]

1.0000 B At.OG(B) 50210-21.23 T

1.0000 Cr A&G (Cr) = Q

0.3333 Cr 2 B ArG (Cr2B) -28285-0.330 7

0.1250 Cr.B. AG (CraB,)= -38700-2.300 T

0.5000 CrB AG (CrB) -39920+0.395 T

0.1429 Cr.b. AtG (CrB 4 )= -40788-0.584 T

0.3333 CrB, ArG(CrB,) -41432+0.818 T

0.2000 CrB4  ArG(CrB4 ) : -24723+0.400 T

1.0oo0 li Ato (18) :0
Liquid(Cr,B) A0X= x(1-x)(-181050+35.68 T + 52800(1-2x)+18600(1-2x)a-

-34200(1-2x)*+13700(1-2x)')

0.3632 Cr 20 o., AtG : -30663.4+15.22 T (78Fro]
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Fig.l: The binary system Cr 8 ; based on [7lPra,BBMasJ and

Chromium - Boron
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Fig.2: Isothermal section at 1800 0C in the system Cr - B - N

under 1 bar N. ( after (8OKatJ
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Fig.3: Isothermal section at 1000*C in the system Cr - B - N

from samples sealed in quartz capillaries (in the absence of

external nitrogen)
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Fig.4: Isothermal section at 10000C in the system Cr - B - N

under a high vacuum (10 %g)
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Fig.5: Isothermal section at 1400*C in the system Cr -B N

under I bar Ar (in the absence of external nitrogen

pressure)
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Fig.B: Isothermal section at 14000C in the system Cr -B V

under 1 bar kIa
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I

SYSTEM[ BOROIt- MOLYBDENUM - RXTROGEN BNoI

INTRODUCTION / EXPERIMRTAL
Informations on the Ho-B-N ternary are due to [B9Bael,21

(see section Thermodymamc 4)) and [88Kle].

Phase equilibria in the B-Ho-N system have been established at

12000, 1400° , and 16000C from room temperature X-ray powder

diffraction analysis of samples prepared by reaction sintering of

powder compacts of B. BN, Ho,and of prealloyed binary borides, which

prior to use were crushed to a particle size smaller than 20m in a

steel mortar and/or a WC-Co mortar respectively [88Kle]. For

annealing the samples were kept on a hex-BN substrate within a

molybdenum or tungsten suiceptor crucible. Heat treatments in a 1

HHz-HF furnace ( under 1 bar of 5N-Ar or 5N-Na ) usually consisted

of a primary reaction at 12000 C for 38h followed by a final reaction

at 1200 C or 1400° , 1600°C respectively for up to 64h with an

intermediate step of crushing and recompacting to ensure

homogeneity. Temperatures were monitored by calibrated microoptical

pyrometry and after heat treatment all samples were radiation

cooled.Starting materials were powders of 3N-Ho, crystallized boron

(99.8 Z B), and hexagonal boron nitride of 99 % nominal purity,

which prior to use was outgassed in high vacuum at 14000 C. Binary

boride master alloys were prepared by arc melting the elements

together on a water cooled copper hearth [88Kle].

BINARY SYSTEMS

The reinvestigation of the B-Ho system in the range from 1200 to

16000 C revealed consistency with the data available in [84Vill, and

E9OHas] amended by mass spectrometer data of [77Sto] determining the

homogeneous ranges of the molybdenum borides. The solid solubility

of boron in molybdenum was claimed to be less than 2 atB at the

Ho-NoaB eutectic temperature ( 21750 C); an interstitial type of

B-solubility was suggested [5Rud]. The maximum solid solubility of

No in 19-B was reported to be less than 0.5 at% Ho at -18000C [65Rud]

in agreement with X-ray data by [8lCre] (see Table 1). Fig.1 is a

representation of the constitutional diagram Mo-B.

The phase diagram for the system Ho-N in [90Has] is based on the
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original diagrams of [70Ett] and E76Jeh]; a critical assessment

including the region below 1000C is due to [80Bre]. The binary

molybdenum nitrides are unstable at T > 1O00C and p(N2 ) < 10, Pa

E78Jeh]. A detailed discussion of solubility data , physical

properties and thermodynamic data is found in [78Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

Figs.2-4 represent the isothermal sections at 12000 C, 14000C and

1600 C under 1 bar of argon (in the absence of external nitrogen

pressure) [88Kle). Phase equilibria are characterized by the absence

of ternary compounds and by compatibility between the higher

molybdenum borides and BN. Phase equilibria were found to be rather

dependent on the nitrogen partial pressure. The stability of the (

Ho + BN)- and the (MoB+BN)-two phase equilibria as a function of T

and p( 2 ) were investigated [88Kle] in good agreement to earlier

data by [89Bael,2] and confirm the observed phase equilibria ( see

also section Thor-modynantics ). Thus at 1200C and under 1 bar Ar

(No + BN) decomposes to MoZB + Na , and similarly at higher

temperatures (1400, 16000C) the subboride Mo3 B becomes incompatible

with BN and decomposes under formation of MoB + NK [88Kle]. Phase

equilibria were furthermore checked at 1400°C applying a vacuum of

10-4Pa for lOOh revealing a rapid decomposition of (Mo+BN) starting

compositions into MoB, MoB, and MoB+BN [88Kle]. The kinetic of

nitriding binary molybdenum borides was studied at 1200 and 1400 C

under 1 bar of 6N-N. and confirmed the phase equilibria in Figs.2-4

[88Kle].

As seen from a comparision of the unit cell dimensions there is

no significant solid solubility of No in BN up to 1000C, and mutual

solubilities of the molybdenum borides and BN up to 1600°C are

rather restricted E8SKleJ.

THERMODYNAMICS

A thermodynamic modelling of the binary system Mo-B is due to

[88Bpo]; see Table 2.
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(89Bol,] sudie th rectio ofNo nd B usngI
Tbermobalance. From these measurements the activation energies for

the forimation of the binary boridev were derived. Furthermore the

onset of the reaction 2Mo + BE---------MoxB + 1/2%v was -measured as
a function of the nitrogen partial pressure yielding free enthalpy

data for the reaction and data f or the free enthalpy of formation

for Mo2B.
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Table 1: Solid phases in the system B-Ho-I
---------------------------------------------------------------------

Phase Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range ( 0C) Prototype ( ps )

No c12 a= 314.70 (9OmasJ

<2823* 1.3.

fi-rhB hRlll a=1092.51 (85Vi1]
<20920 R3. o=2381.43 [B5Vil]

13-B

a=1093.03 [81Cr.) at 0.5at~ho

c=2382. 17
M0oB U12 a= 554.80 (88Kle)
<2280'p 1/mcm c= 474.06

Al 2Cu

a-MoB tile a= 310.88 (88Kle)

(21800 14,/and c=1696.18

a-MoB

P-MoB oC8 a= 314.02 (8811]
<2600* CRc. b= 848.90

CrB c= 307.10

HoD, hP3 a= 303.78 (8811]

2375-1517 PB/mum c= 308.03

Ala:2
Ho,,O hR7 a= 301.17 (881.]
(21400 Onm c=2094.9

Hot-MBS hP a= 520.38 [8811e]

< le07* poo/one c= 835.02

* P-AY, M12 a= 420. [MSill
< 8500 14 /and a:801.

No N

ILL., 14



y-Ho3 N oP a= 418.5 [85Vil]

<1950°  PuS.

NaCl-defeot

6-MoN hPl a= 572.5 [85Vil]

P8/mao O= 560.8 >0.085 GPa

HON

BNh*K hP* a= 250.4 [85Vil]

P6 3 /mac o= 666.1
BN hx

Table 2: Thermodynamic data for the system Ho-B-N

Phase AtG ( J/gramatom ) Ref.

1.0000 Mo atG(Mo) = 37479.8-12.942 T [88Spe

1.0000 B At,,G(B) = 50210-21.23 T

1.0000 Ho ArG (Mo) 0

0.3333 Mo2 B AtG (MoB) -42860+2.43 T

0.5000 MoB AtG(MoB) -53170+0.47 T

0.3769 MoB. ,fG(MoB,.d..) = -45890-0.22 T

0.3170 MoB2 .. , AG(M°B2 ., = -50940+4.27 T

0.2079 MoB,. AG(HoB_,.) -34107+3.13 T

1.0000 13B AfG (B) = 0
Liquid(Mo,B) AGON= x(l-x)(-148435+10.90 T + 21000(1-2x)+25305(1-2x))

0.3333 HoN ArG(HozN) -19107.4+17.97 T [78Fro]
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Fig.l: The binary system MO 8 ; based on [85Rud,77StoJ and [8BKleJ.
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Fig.2: Isothermal seotion at 12000C in the system No - B - N
under Ar (in the absence of external nitrogen)
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Fig.3: Isothermal section at 14000C in the system Mo - B N N uider

Ar (in the absence of external nitrogen)
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Fig.4: Isothermal section at 1600 C in the system Ho - B - N under
Ar.(in the absence of external nitrogen)
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SYSTEM BORON- TUNGSTEN - NITROGEN (B-V-N)

INTRODUCTION / EXPERIMENTAL

Informations on the V-B-N ternary are due to [51Kis],

[89Bael,2] (see section Thermodynamic&) > and [88Kle].

The thermal stability of the binary tungsten borides was

investigated in a dry stream of ammonia at temperatures below 1100 0C

by [5lKis]. The resistance against attack by ammonia was found to

increase with the boron content and no mutual solid solubility was

observed [51Kis].

Phase equilibria in the B-V-N system have been established at

12000, 14000, and 16000C from room temperature X-ray powder

diffraction analysis of samples prepared by reaction sintering of

powder compacts of B, BN, V ,and of prealloyed binary borides, which

prior to use were crushed to a particle size smaller than 20pm in a

steel mortar and/or a VC-Co mortar respectively [88Kle]. For

annealing the samples were kept on a hex-BN substrate within a

molybdenum or tungsten susceptor crucible. Heat treatments in a 1

MHz-HF furnace ( under 1 bar of 5N-Ar or 5N-N2 ) usually consisted

of a primary reaction at 12000C for 96h followed by a final reaction

at 1200 C (or 14000, 18000C respectively )for up to 70h with an

intermediate step of crushing anJ recompacting to ensure

homogeneity. Temperatures were monitored by calibrated microoptical

pyrometry and after heat treatment all samples were radiation

cooled.Starting materials were powders of 3N-N, crystallized boron

(99.8 X B), and hexagonal boron nitride of 99 X nominal purity,

which prior to use was outgassed in high vacuum at 1400*C. Binary

boride master alloys were prepared by arc melting the elements

together on a water cooled copper hearth [88Kle].

BINARY SYSTEMS

The reinvestigation of the B-V system in the range from 1200 to

1600C revealed consistency with the data available in [84Vill, and

[90Mas]. The maximal solid solubility of boron in tungsten was

claimed to be loes than 1 atB at the W-V B eutectic temperature (

2600°C); an interstitial type of B-solubility was suggested [(5Rud].

The maximum solid solubility of V in (3-B was reported to be less
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than 0.5 at% V at -18000C [85Rud] in agreement with X-ray data by

[81Cre] (see Table 1). Fig.1 is a representation of the

constitutional diagram W-B.

No phase diagram is available for the system W-N ; a critical

assessment is due to [89Wri). The binary tungsten nitrides are

unstable at T > 10000C and p(N2 ) < 105 Pa [89Wri]. A detailed

discussion of solubility data physical properties and

thermodynamic data is found in [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

Figs.2-4 represent the isothermal sections at 12000C, 14000C and

16000C under 1 bar of argon (in the absence of external nitrogen

pressure) [88Kle]. Phase equilibria are characterized by the absence

of ternary compounds and by compatibility between the higher

tungsten borides and BN. Phase equilibria were found to be rather

dependent on the nitrogen partial pressure. The stability of the ( W

+ BN)- and the (VB + BN)-two phase equilibria as a function of T

and p(N.) were investigated [88Kle] in good agreement to earlier

data by [51Kis], [69Bael,2] and confirm the observed phase

equilibria ( see also section Thermodynamics ). Thus at 1200 and

14000C and under 1 bar Ar (V + BN) decomposes to VB + N2  , and

similarly at higher temperatures (1600 0C) the subboride WVB becomes

incompatible with BN and decomposes under formation of VB + NZ

[88Kle]. Phase equilibria were furthermore checked at 1400°C

applying a vacuum of 10-4Pa for lOOh revealing a rapid decomposition

of (V+BN) starting compositions into VB, WB, and VB+BN [88Kle]. The

kinetic of nitriding binary tungsten borides was studied at 1200 and

14000C under 1 bar of SN-N 2 and confirmed the phase equilibria in

Figs.2-4 [88Kle].

As seen from a comparision of the unit cell dimensions there is

no significant solid solubility of W in BN up to 1000°C, and mutual

solubilities of the tungsten borides and BN up to 16000 C are

rather restricted [88Kle).

15



THERMODYNAMICS

A calculation of the V-B binary system was attempted by [84Kau];

see Table 2.

[69Bael,2] studied the reaction of V and BN using a
Thermobalance. From these measurements the activation energies for

the formation of the binary borides were derived. Furthermore the

onset of the reaction 2 V + BN =WB + 1/2N2 was measured as
a function of the nitrogen partial pressure yielding free enthalpy

data for the reaction and data for the free enthalpy of formation

for WVB.
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Table 1: Solid phases in the system B-V-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (OC) Prototype ( pm )

V c12 a= 316.52 P9OWa

<34220 Im~m

13-rhB hR111 a=1092.51 [85VilJ

<20920 R~m c=2381.43 [85VilJ

13-B

a=1093.82 (8lCreJ at 0.5atV

c=2383 .56

v 2B tI12 a= 556.50 (88Kle)

<26700 14/mom c= 474.32

AlIC

a-VB tuBs a= 310.09 [88KleJ

<21700* 14,/amd c=1895.6

19-NB oce 314.2 [85RudJ

<26650* Cuc. b= 850.8

Cr8 c= 306.5

vBU hP14 a= 298.45 [88Kle)

<23650 P6,/mmc c=1387.3

V2B5
W 1-xB, a P a= 519.76 [SeKleJ

<20200* P8,1.30 o= 833.51

VaN cF8 a= 412.8 [85Vil)

N aC 1

6-yE hP2 a= 289.3 (85VilJ

P1.2 o= 282.8

VC

1 57



Bhox hP* a= 250.4 [85Vil]

P8/me C= 888.1
BN hx

Table 2: Thermodynamic data for the system W-B-N

Phase AtG ( J/gramatom ) Ref.

1.0000 v AtsG(W) ='52313.69-14.158 T [84Kau]

1.0000 B AfuuG(B) 50210-21.23 T

1.0000 V AfG (W) 0

0.3333 VZB ,rG (WzB) = -41783+1.406 T

0.5000 WB AfG(WB) = -54392+1.125 T

0.7140 VZBS AfG(VaBs) = -55229+2.564 T

0.8000 WB- 4  ArG(VB~4 ) -41840+2.075 T

1.0000 OB AtG ((8) : 0

Liquid(W,B) A 'e*_ x(1-x)[-75312-215058 x -8.368 T)
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Fig.l: The binary system V -B; based on [85RudJ
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Fig.2: Isothermal section at 12000C in the system V - B - N
under Ar (in the absence of external nitrogen)
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Fig.3: Isothermal section at 1400
0C in the system V - B - N under

Ar (in the absence of external nitrogen)
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Fig.4: Isothermal section at l8OO*C in the system V - B - N under

Ar (in the absence of external nitrogen)
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SYSTEM BORON- MANGANESE- NITROGEN (B-Mn-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Mn-N system have been entablished from

room temperature X-ray powder diffraction analysis of samples

prepared by reaction sintering of powder compacts of B, BN, Mn,

Mn2N, and of prealloyed binary borides, which prior to use were

crushed to a particle size smaller than 20m, in a steel mortar

and/or a WC-Co mortar respectively [899mi]. Annealing of the samples

was either performed (a) in vacuum sealed silica tubes using a thin

molybdenum foil to protect the sample from direct contact with the
hot quartz wall or (b) in a 1 MHz-HF furnace under 1 bar of 5N-Ar

or under various partial pressures of 5N-N. using hex-BN substrates
in a tungsten or molybdenum susceptor crucible. Heat treatments

usually consisted of a primary reaction at 9000C for 72 to 120h
followed by a final reaction at 9000C up to 700h with an
intermediate step of crushing and recompacting to ensure

homogeneity. Temperatures were either monitored by calibrated

microoptical pyrometry or by thermocouples; after heat treatment the

samples were radiation cooled ( HF-furnace ) or quenched in water (

silica capsules ). Some of the samples were quenched in liquid

nitrogen. In-situ high temperature X-ray data were recorded under

Ti-gettered He using a V-sheet metal substrate and Au-powder as

internal standard [899mi].

The starting materials were powders from 3N-Mn plates, surface
cleaned in dilute HCl prior to use, powders of 99 % MnzN,

crystallized boron (99.8 % B), and hexagonal boron nitride of 99 %

nominal purity, which prior to use was outgassed in high vacuum at
14000C. Binary boride master alloys were prepared by arc melting the

elements together on a water cooled copper hearth or by direct

sintering under argon; weight losses were checked to be within 1 wt%
(89~.iJ.

BINARY SYSTEMS

The reinvestigation of the B-Mn system from as-cast alloys and in

the range from 800 to 1250°C confirmed the existence of six binary
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manganese borides [899mi]. In contrast to earlier data there is

essential consistency with the data available from a recent

compilation by [88Lia]. The low temperature modification of a-MnB

was unambiguosly revealed to be CrB-type from X-ray diffactometry of

single crystals grown by iodine vapour transport [899mi).

Homogeneous ranges of the binary borides at 900 0C were found to be

rather small except for MnBZ indicating a typical "line-compound"

type of character. The solid solubility of boron in the various

allotropes of manganese (interstitial type) was claimed to be less

than 0.5 to 1.0 atXB. From X-ray powder analysis the maximum solid

solubility of Mn in ft-B was concluded to be about 4.2 atMn at

1800°C. An extensive discussion of the Mn-B phase diagram has been

recently published by [899mid]; for crystallographic data see Table

1.Fig.1 represents the critically assessed version of the Mn-B phase

diagram, temperature versus concentration [899mi].

The reinvestigation of the phase relations in the Mn-rich part of

the Mn-N diagram [899mi] revealed consistency with a critical

assessment of the Mn-N diagram as presented by [9OGok]. It shall be

mentioned, however, that the formation of the socalled 6 -phase (

bct. martensitic transformation from the fcc-(Mn,N) Y-phase ) was

observed in all samples quenched from 9000C in water [89tmi].

The maximum solid solubility of N in Mn was said to be smaller

than 0.5 atZ N for a-Mn, 2 at% N for R-Mn and 11 at% N for r-Mn at

7900C [9OGok].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.2 represent the isothermal section at 900°C under 1 bar of

argon (in the absence of external nitrogen pressure) [899mi]. Phase

equilibria are characterized by the absence of ternary compounds and

by compatibility between manganese and the binary manganese-borides

and BN. As seen from a comparision of the unit cell dimensions there

is no significant solid solubility of Mn in BN at 900°C, and mutual

solubilities of the manganese nitrides, the manganese borides and BN

are rather restricted [899mi]. Due to insufficient quenching, the

Mn N-phase is present in the 9000C section.

Phase equilibria in the Mn,N-rioh region of the ternary system
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are rather dependent on the nitrogen partial pressure. According to

the thermodynamic stability of the binary manganese nitrides ,

prolonged heating of C-Mn2N at 900
0C in a dynamic vacuum of 3.10-4Pa

resulted in a successive decomposition into lower nitrides ( after

40 h ) towards the nitrogen rich end of the (Mn) solid solution (

after 80 h ). In all ternary samples which had been reacted at 9000C

under 10Pa N. prior to heat treatment in high vacuum, the (Mn)

solid solution and all manganese borides revealed compatibility with

respect to BN x. The reaction paths as well as the distribution of

the phase fields at 9000C and under a high vacuum are presented in

Fig.3.

X-ray analysis of alloys representing the (Mn + BN) twophase

equilibrium which subsequently were held for 1 h at 1350*C under Ar,

revealed instability with respect to decomposition into (Mn) + MnzB

+ N2 .

A detailed discussion of the phase relations in the Mn-B-N

ternary is found in [899miJ.

THERMODYNAMICS

A thermodynamic modelling of the binary system Mn-B is due to

[8BLia] including a critical assessment of earlier attempts to

calculate the phase diagram; see Table 2.
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Table 1: Solid phases at 9000C in the system B-Mn-N

----------------------------------------------------------------

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (°C) Prototype ( pm )

----------------------------------------------------------------

a-Mn c158 a: 891.39 [9OGok] at RT

<7270 I43m (89Gok]

a-Mn

O-Mn cP20 a= 631.51 [90Gok] at RT

1100-7270 P4132 [89Gok]

13-Mn

y-Mn cF4 a= 386.3 [90Gok] at 11000C

1138-1100o Fm3m [89Gok]
r-Mn

6-Mn c12 a= 308.1 [90Gok] at 11360C

1246-1138o Imm (89Gok]

O-rhB hRlll a=1092.51 [85Vil

R~m o=2381.43 [85Vil]

a=1099.07 [85Vil] at MnB-,,

c=2399.64

o-Mn2B oF40 a=1455.7 [899mi]

<~12850 Fddd b= 728.7

o-MnB a= 420.7

t-MnB ti12 a= 514.8 [899miJ

<15800 14/mom c= 420.4

Al.Cu

a-MnB oFS a= 302.34 [899mi]

<1050°  Cmos b= 767.59
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CrB c= 295.68

1-MnB oP8 a= 414.8 [899mi]

1890-10500 Pbnm b= 555.6

FeB c= 297.7

Mn.B. oi14 a= 303.4 [899mi]
<1750 °  Immm b=1282.2

Ta B4  c= 296.3

MnB, hP3 a= 300.89 [86Lia]

1990-1075o P6/mn c= 303.84
A1B2

MnB nmC14 a= 548.5 (899mi)

<13750 C2/m b= 537.5

MnB, c= 294.5

13=122.470

6'-(Mn,N) t12 a= 267.2 [899mi]

14/mmm c= 355.0

Mn4 N cP5 a= 382.7 [89mi]

<8900 Fm3m

Fe N

t-MnN,-x  hP3 a= 276.73 [899mi]

P6,/mmc c= 452.12

Fe N

-MnN,- x  hPl2 a= 489.16 ( 8 9 9mi]

P6,22 c= 455.45

MnNo **

MnN oP12 a: 485.52 [899mi]

C2221  b= 840.88

MnN c= 453.27

MnN oP12 a= 566.8 (899mi]

Pbna b= 490.9

MozC c= 453.7

hP-Mn N= ti6 a= 297.4 (899mi] at 0.6 GPa

14/mmm c=1212.6 400=C

ThH,

a-MnJ t14 a= 298.02 [899ii] at 47.9at%N

<4100 14/mmm c= 414.8

NaCl-derv.
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/oMnN, F8 a= 422.5 [899,i)

>4100 F&mm

NaC1

BN h x  hP5 a= 250.4 [85Vil]

PS,/mmc c= 888.1

BN hx

Table 2: Thermodynamic data for the system Mn-B (after [86Lia])

Phase A CG ( J/gramatom ) Ref.

1.0000 Mn AtU.G(Mn) = 12908.94-8.4984 T [86Lia]

1.0000 B AtU*G(B) = 50210-21.23 T

1.0000 otMn AtG (aMn) 0

1.0000 OM n AfG (rMn) = 1908.32-1.3525 T

0.3333 MnB ArG(MnB) -31254+0.293 T

0.5000 MnB AfG(MnB) = -38225+0.439 T

0.1429 MnB . AG(Mn.B 4 ) = -27396-2.050 T

0.3333 MnB2  AfG(MnB,) = -21902-2.040 T

0.2000 MnB4  &G(MnB 4) -26098+6.582 T

1.0000 13B AfG ( B) 0

Liquid AGOx= x(1-x){-179800+41.73 T - 29273(1-2x)+74194(1-2x)2+
+86081(1-2x) 3-52134(1-2x)'}

0.2000 Mn4N AfG( Mn4 N) = -4534+3.266 T [75GmeJ

0.3333 Mn2N AG (MnN) = -83667.7+5.807 T [75Gme]

0.2000 Mn.N. AfG(Mn.N.) = -6680+5.696 T (75Gme]
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Fig.l: Assessed diagram of the binary system Mn - B
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Fig.2: Isothermal section of the system B - Mn -N at 9000C under
1 bar of argon (in the absense of external nitrogen )
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Fig.3 Isothermal section of the system B -Mn -N at 900*C under

a vacuum of 10'Pa.

N
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SYSTEM BORON- RHENIUM- NITROGEN (B-Re-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Re-N system have been established from

room temperature X-ray powder diffraction analysis of samples prepared

by reaction sintering of powder compacts of B, BN, Reand of

prealloyed binary borides, which prior to use were crushed to a
particle size smaller than 20mm in a steel mortar and/or a WC-Co

mortar respectively [88Rog]. For annealing the samples were kept on a

hex-BN substrate within a molybdenum or tungsten susceptor crucible.

Heat treatments in a 1 MHz-HF furnace ( under 1 bar of 5N-Ar or 5N-N.

) usually consisted of a primary reaction at 1200 0C for 24h followed

by a final reaction at 12000 C for 84h with an intermediate step of

crushing and reoompacting to ensure homogeneity. Temperatures were

monitored by calibrated microoptical pyrometry and after heat

treatment all samples were radiation cooled.Starting materials were

powders of 3N-Re, crystallized boron (99.8 % B), and hexagonal boron

nitride of 99 % nominal purity, which prior to use was outgassed in

high vacuum at 1400 0 C, Binary boride master alloys were prepared by

arc melting the elements together on a water cooled copper hearth

[88RogJ.

BINARY SYSTEMS

The reinvestigation of the B-Re system in the range from 1200 to

15000 C revealed consistency with the data available in [84Vil] and

[9OMas]; see Table 1. Due to the rather sluggish diffusion reactions

in the high melting B-Re system, thermodynamic equilibrium at 1200 0 C

was not attained in those alloys which were arc melted prior to heat

treatment at 12000C. In correspondance to the observations by [8Por],

a weak set of X-ray reflections was observed in the rhenium-rich

alloys which was concluded to belong to a new Re-boride labelled as

Ree*xB, whose crystal structure is still unknown [88Rog]. Homogeneous

ranges of the binary borides at 1200°C were found to be rather small

indicating a typical "line-oompound" type of character.

The solid solubility of boron in rhenium was claimed to be less

than 2 atXB at the temperature of the peritectic formation of Re (
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I

ca 2150*C); an interstitial type of B-solubility was suggested

[65Trz].The maximum solid solubility of Re in P-B was reported to be

less than 1 atXRe at 1800°C [81Cre].

No equilibrium diagram exists for the N-Re system and solid

solubility of N in Re is said to be small ( 1O-satN at lOsPa ); only

one binary nitride, ReN 1_x ( oFB, Fmam, defect NaCl-type, a=O.393nm at

30atZN ), exists, but decomposes in vacuum below 270'*;a comprehensive

discussion of all reported information has been given by [78Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 12000 C under 1 bar of

argon (in the absence of external nitrogen pressure) [88Rog]. Phase

equilibria are characterized by the absence of ternary compounds and

by compatibility between rhenium metal and/or the binary

rhenium-borides and BN. As seen from a comparision of the unit cell

dimensions there is no significant solid solubility of Re in BN at

12000 C, and mutual solubilities of the rhenium borides and BN are

rather restricted [88Rog].

Phase equilibria in the Re-B-N system have been also checked by

nitriding the binary rhenium boride powders under 1 bar of N.. The

results confirm the gradual decomposition of the higher borides via

lower borides towards a limiting tie-line : (Re) + BN. No signs of

compound formation at higher nitrogen contents were observed.

THERMODYNAMICS

[89Bael,2] studied the reaction of Re and BN using a Thermobalance.

From these measurements the activation energies for the formation of

the binary borides were derived. Furthermore the onset of the reaction

3Re + BN =ReS + 1/2N was measured as a function of the

nitrogen partial pressure yielding free enthalpy data for the reaction

and data for the free enthalpy of formation for ReB.
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Table 1: Solid phases at 1200*C in the system B-Re-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (0C) Prototype ( pm )

Re hP2 a= 278.09 [9OMas]

<31880 P86/mmc c= 445.8

Mg

13-rhB hRIll a=1092.51 (85Vii]

<20920 R3m c=2381.43 [85Vil]

t-B

Res oC16 a= 289.33 (88Rog]

~21500 Cmcm b= 932.08

ReOB c= 727.08

Re B9 hP20 a= 750.48 [88Rog]

<-20000 PBsmc c= 488.54

Th 7Fes

ReBa hP6 a= 290.16 [88Rog]

<-24000 Pe/mmc c= 747.99

ReB2
BNhbx hP5 a= 250.4 (85Vil]

P83 /mm c= 6886.1

BN,.x

Table 2: Thermodynamic data for the system Re-B-N

Phase AtG ( J/gramatom ) Ref.

1.0000 Re Af..G(Re) = 80428-17.4698 T

1.0000 B AtUGG(B) = 50210-21.23 T

1.0000 Re AfG (Re) 0

0.2500 ResB AtG(ReB) :-32320+7.32 T [89Bae)

1.0000 ieU AtG (OB) 0
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Fig.1: Isothermal section of the system B - Re -N at 1200*C under

1 bar of argon (in the absense of external nitrogen )
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SYSTEM BORON- IRON- NITROGEN (B-Fe-N)

INTRODUCTION / EXPERIMENTAL

Early information on the Fe-B-N system is due to [51Kis] who

investigated the stability of binary iron borides in a stream of dry

ammonia at temperatures between 352 and 768*C. The resistance against

attack by ammonia was found to increase with the boron content; no

mutual solid solubility was observed [51KisJ confirming earlier

findings by [48Jac].

The solubility of nitrogen in iron-rich alloys ( 0.001 to 0.91 wt%

B ) has been studied by [S2Fou) using Sievert's technique in the

temperature range from 950 to 11500C. Small amounts of desoxidising Si

yielded a total of 0.5 wtX Si in the alloy whose effect on the

N-solubility was determined from B-free samples. A TEM-study of

extracted flakes of (BN hox ) revealed a lack of threedimensional

perfection due to stacking faults and random displacement of the

graphitic layers perpendicular to the c-axis, but with (hkO)

reflections unaffected [62Foul. At 10500C the mutual solid

solubilities of Fe - BN and FeB - BN were said to be very small

[62Foul.

The N-solubility limit in liquid Fe-B alloys was investigated by

[84Eva] using ( a ) Sievert's technique and ( b ) equilibration of

iron melts in BN crucibles under a constant partial pressure of N .

Boron was found to decrease the N-solubility at a given partial

pressure of N. and the first order interaction coefficient, determined

between 1550 and 17500C [B4Eva],was expressed as a function of

temperature by [74Sig] : c = 975/T - 0.4 ( T in K ). Based on the

results of [64Eva] and following a similar procedure the saturation

phase boundaries L/(L + BN) have been calculated by [87Rag] for 1550,

1650, 1750°C and for 1, 5 and 10.lO5Pa Na .

Phase equilibria in the B-Fe-N system at 9000C have been

established from room temperature X-ray powder diffraction analysis of

samples prepared by reaction sintering of powder compacts of B, BN,

Fe, and of prealloyed binary borides, which prior to use were crushed

to a particle size smaller than 20.m in a steel mortar and/or a WC-Co

mortar respectively [5mi],[881mi]. Annealing of the samples was

either performed (a) in vacuum sealed silica tubes using a thin
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molybdenum foil to protect the sample from direct contact with the hot

quartz wall or (b) in a 1 MHz-HF furnace under 1 bar of BN-Ar or

under various partial pressures of SN-N2 using hex-BN substrates in a

tungsten or molybdenum susceptor crucible. Heat treatments usually

consisted of a primary reaction at 9000C for 48h followed by a final

reaction at 9000 C up to 72h with an intermediate step of crushing and

recompacting to ensure homogeneity. Temperatures were either monitored

by calibrated microoptical pyrometry or by thermocouples; after heat

treatment the samples were radiation cooled ( HF-furnace ) or quenched

in water ( silica capsules ). The starting materials were powders from

3N-Fe , crystallized boron (99.8 X B), and hexagonal boron nitride of

99 Z nominal purity, which prior to use was outgassed in high vacuum

at 1400°C. Binary boride master alloys were prepared by arc melting

the elements or by direct sintering under argon; weight losses were

checked to be within 1 wt% [859mi, 869mi).

BINARY SYSTEMS

The reinvestigation of the B-Fe system from 400 0C to the melting

range employing X-ray powder, metallographic, DTA, and Pirani-melting

point analyses confirmed the existence of only two binary iron borides

[86SmiJ. In contrast to earlier data there is essential consistency

with the data available from a compilation by [82Kub]. In

contradiction to a low temperature modification "a-FeB" as claimed

earlier ( for a review see [82Kan]), FeB-samples containing excess

boron at temperatures below T'1000C revealed a typical transposition

type behavior (FeB-type ---- CrB-type) with an irregular arrangement

of the FeB-type slabs in partly shifted positions but without long

range order [859mi,86§mi]. The maximal solid solubility of boron in

a-Fe was said to be small, whereas detailed measurements of the

electrical resistivity and the activity coefficients of B in a,r-Fe

reveal a solubility of B in i-Fe, which is 2.7 times larger than that

in a-Fe at the same temperature [83Bro]. While there seems to be no

doubt about the interstitial type of B-solubility in r-Fe, a

substitutional mode was discussed for a-Fe by [84Hay]. From X-ray

powder analysis the maximum solid solubility of Fe in P-B was

concluded to be about 5 atX Fe at 18000 C. An extensive discussion of

the Fe-B phase diagram can be found from [85Smid,8SSmi] including a
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discussion on the metastable phases Fe2 3B6  and FesB; for

crystallographic data see Table 1. A thermodynamic modelling of the

Fe-B system is due to [871mi].

Fig.1 represents the critically assesseci version of the Fe-B phase

diagram, temperature versus concentration [88mi].

The phase diagram Fe-N is due to critical assessments by [76Fro],

[82Kub], [87Vri], [87Fri] and [86Kun].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.2 summarizes the results reported by [51Kis] in terms of an

isothermal section at 4000 C (in the absence of external nitrogen

pressure). Fig.3 shows the phase equilibria in the iron rich corner

of the Fe-B-N system at 950' 1050, and 11500C as derived by [62Fou].

Fig.4 represents the phase relations in the Fe-B-N system at 9000C

[859mi,889mi]. Phase equilibria are characterized by the absence of

ternary compounds and by compatibility between iron and the binary

iron-borides and BN. As seen from a comparision of the unit cell

dimensions there is a small but significant solid solubility of Fe in

BN at 9000 C, whereas mutual solubilities of the iron nitrides, the

iron bcrides and BN are rather restricted [859mi]. Alloys along the

section Fe-BN with acomposition of about 20 mol % BN after

heattreatment at 13500C and 1 bar argon were reported to be molten and

after quenching revealed the powder pattern of a cubic T-phase

Feas(BN)0. Technical conditions - using graphite suseeptor

crucibles and technical argon containing 0.01 X Oat 0.02 X NZ at 9000C

and 48 h prompted the stabilization of aa Fe (B,N,C) compound with the

Fe*C-type [889mi] ( Fig.5).

The kinetic of nitriding was studied [889mi] from binary iron

boride samples annealed at 900 and 1250 0C under 1 bar of 6N-nitrogen

and qualitatively confirmed the early observations by [51Kis].

THERMODYNAMICS

A thermodynamic modelling of the binary system Fe-B is due to

[88Smi] of the Fe-N system due to [87Fri]; see Table 2.
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Table 1: Solid phases in the system B-Fe-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (00 Prototype ( pm )

a-Fe c12 a= 286.65 [87Wri] at RT

<9120 Imnm a= 294.1 [87WriJ at 15380C
W

r-Fe cF4 a= 364.7 [87Wri] at 9120C
<13940 Fm3m a= 388.8 [87WriJ at 13940C

Cu
6 -Fe o12 a= 293.15 (85Vil]

<15350 Im~m
W

(-rbhB hR1Il a=1092.51 [85VilJ
<20920 R~m c=2381.43 [85VilJ

(-B

a=1095.14 [85Vil] at FeB_
c=2386.1

PeaB tI12 a= 510.9 [85Vil]
<11740 14/mom c= 424.9

AlaCu
FeB oP8 a= 406.1 [85Vil]

<15880 Pbnm b= 550.8

FeB 0: 295.2

l*J* oell a=1067. [85Vil] metastable
~Fm~m

Cr C
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Fe B oP18 a 443. 9 (85Vi1J metastable

Pbnm b= 542.8

FeC o= 666.9

FeSB t132 a= 885.5 (65Vi1] metastable

14 a= 429.7

FeSP

FeSB tP32 a= 884.8 (85Vi1) metastable

P4,/n o= 431.4

TiO

Fe4 NCP5 a= 379.8 [87Wri) at 20 at% N

c880* P33,

Fe N

FeS141  hP9 a=435.3+1.337(atk4) 15.8-33.2&tN

P31m c=423.3+0.578(atN) !87Rag]

Fe,

FeNoP12 &= 551.2 [87Wri)

c480* Pbon b= 482.0

FeN c= 441.6

FeON ti a= 572. (87WriJ 11.1att4

14/man c~829. metastable

BNhxhP5 a= 250.4 [85Vi1J
P6,/auc c 68.1

BN ho
*eB),cF116 a=1048.3 [859mi) metastable

Fm~u

Cr 2CO

*Fe,(B,N,C) oP18 a= 445.9 (859uiJ C-stabil.

Pbnm b= 534.7

Fe,C c 866.4
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Table 2: Thermodynamic data for the system Fe-B (after [889mi])

Phase ArG ( J/gramatom ) Ref.

1.0000 Fe &tu.G(Fe) = 13806-7.6241 T [86mi]
1.0000 B AtUGG(B) = 50210-21.23 7

1.0000 oFe ArG (aFe) = 0

1.0000 rFe A&G (rFe) = 825.78-0.4953 T

0.3333 Fe.B AG(FeB) -102330+5.0 T

0.0769 FeB ArG(FeB) = -36980+2.0 T

1.0000 OB AfG (13B) = 0

Liquid AG = x(l-x)(-177050-34.9 T + (-3335+68.9 T )(1-2x))
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Fig.1: Assessed diagram of the binary system Fe -B [859mi,889miJ
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Fi.:Isothermal section of the system B -Fe -N~ at 400*C (in the j
Fi.:absens. of external nitrogen )an based on data by [5lKisJ.

N
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Fig.3 Phase equilibria in the iron rich corner of the system

Fe - B - N at (a) 950*C, (b) 10500C and (c) at 1150OC

(after (82Fou], in mass percent).
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Fig.4 Isothermal section of the system B - Fe - N at 900 C under
1 bar of argon (in the absence of external nitrogen).

N
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Pig.5 Isothermal section of the system Fe -0-N at 900 C under

technical conditions ( 1 bar of technical argon, C-susceptor)

o single phase Fe.-B -N
a two phases 4C180 80 Iohr

three phases Iohr

a with Fe3 C -type 1 atm. techn. Ar
-o 900*C(1652F)

Fe2B +FeB +BN B

Fe 20 ) Fe2BFB 600

Atom~e Pecn Born

20 20
FeB +() +IB
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SYSTEM BORON- COBALT- NITROGEN (B-Co-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Co-N system at 900*C have been

established from room temperature X-ray powder diffraction analysis of

samples prepared by reaction sintering of powder compacts of B, BN,

Co, and of prealloyed binary borides, which prior to use were crushed

to a particle size smaller than 20um in a steel mortar and/or a WC-Co

mortar respectively [859mi, 869mi]. Annealing of the samples was

either performed (a) in vacuum sealed silica tubes using a thin

molybdenum foil to protect the sample from direct contact with the hot

quartz wall or (b) in a 1 MHz-HF furnace under 1 bar of 6N-Ar or

under various partial pressures of 8N-N. using hex-BN substrates in a

tungsten or molybdenum susceptor crucible. Heat treatments usually

conmistad of it primary rantion at 00 fov 406i 4fwo 6y 4 f4'."41
reaction at 9000 C up to 72h with an intermediate step of crushing and

recompacting to ensure homogeneity. Temperatures were either monitored

by calibrated microoptical pyrometry or by thermocouples; after heat

treatment the samples were radiation cooled ( HF-furnace ) or quenched

in water ( silica capsules ). The starting materials were powders from

3N-Co , crystallized boron (99.8 % B), and hexagonal boron nitride of

99 X nominal purity, which prior to use was outgassed in high vacuum

at 1400°C. Binary boride master alloys were prepared by arc melting

the elements or by direct sintering under argon; weight losses were

checked to be within 1 wt% [859mi, 86mi].

BINARY SYSTEMS

The reinvestigation of the B-Co system at 900°C confirmed the

existence of only three binary iron borides [88mi], in essential

consistency with the phase diagram as given in [90Mas, 88Lia]. The

maximal solid solubility of boron in a-Co was said to be 3 at% B at

1000°C [81Bas] and 5.2 at% B at 11000C [38Koe]. From X-ray powder

analysis the maximum solid solubility of Co in (-B was concluded to be

about 3 to 5 atX Co at 14500C [859mid, 869mi]; for crystallographic

data see Table 1.

No phase diagram Co-N is available, however, the existence of a

series of cobalt nitrides has been reported (see Table 1). All cobalt
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nitrides easily decompose on heating at 2786C in vacuum and none is

stable at 900*C at 1OPa Ar [859mi, 88mi]. N was found to be

practically insoluble in Co at p < lO5Pa N. and up to 1200 0C [(7Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the phase relations in the Co-B-N system at 9000C

[859mi, 869mi]. Phase equilibria are characterized by the absence of

ternary compounds and by compatibility between cobalt and the binary

cobalt-borides and BN. As seen from a comparision of the unit cell

dimensions there is a small but significant solid solubility of Co in

BN at 9000 C, whereas mutual solubilities of the cobalt borides and BN

are rather restricted [85tmi]. Alloys along the section Co-BN with a

composition of about 20 mol% BN after heat treatment at 13500C and 1

bar argon were reported to be molten and after quenching revealed the

powder pattern of a cubic T-phase Co 2(BN)d.
The kinetic of nitriding was studied (869mi] from binary cobalt

boride samples annealed at 900 and 12500C under 1 bar of 6N-nitrogen.

THERMODYNAMICS

A thermodynamic calculation/modelling of the binary system Co-B is

due to (84Kau] and (88Lia]; see Table 2.
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Table 1: Solid phases in the system B-Co-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (°C) Prototype ( pm )

s-Co(r) hP2 a= 250.71 [9OMasJ at RT

<4220 P6a/mmc c= 406.86

z-Co(h) cF4 a= 354.47 [90Has)

<14950 Fm3m

Cu

13-rhB hR111 a=1092.51 (85Vil]

<20920 R3m c=2381.43 (85Vi1]

13-B

a=1094.59 [85Vil] at CoB-25
c=2383.97

Co9B oP16 a= 440.8 [85Vil]

<11250 Pbnm b= 525.5

Fe aC o= 662.9

CoaB t112 a= 501.6 [8Vill

<12800 14/mcm o= 422.0

AlzCU
CoB oP8 a= 395.6 [85Vil]

<14600 Pbnm b= 525.3

FeB c= 304.3

CoZB d  cFl16 a=1106. [85Vil] metastable

FmIm
Cr aC d

Co4  oP5 a= 358.6 [87Kii]

Pm3m a= 373.8 [85Vil]

Fe 4 N
CoBN hP* a= 274.6 [85VilJ

o= 432.2
Co oP6 a= 460.56 [85VilJ

Pans b= 434.43

Co2N c= 285.35

1
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BNh x  hP5 a 250.4 [85VilJ

PB3 /sac C= 868.1

BtkN

* Co(BN)d oF11 a=1048.3 [859mi] metastable
FinS.

Cr 28Co

Table 2: Thermodynamic data for the system Co-B (after [88Lia])

Phase AfG ( J/gramatom ) Ref.

1.0000 cCo AturG(Co) = 16200-9.163 T [88Lia]

1.0000 B AruGG(B) = 50210-21.23 T

1.0000 Co AfG (ctCo) = 0

0.2500 CoB AfG (CoB) = -25800+2.35 T

0.3333 CoB AtG (CoB) = -26900-1.41 T

0.5000 CoB A G (CoB) = -34500+0.24 T

1.0000 (3B AfG (3B) = 0

Liquid AG *X x(l-x){-110700 -7.46 T -24500(1-2x)+27100(1-2x)2 +

+21900(1-2x)')
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Fig.1 Isothermal section of the system B - Co - N at 90* under

1 bar of argon (in the absence of external nitrogen).

N
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SYSTEM BORON- NICKEL- NITROGEN (B-Ni-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Ni-N system at 900 C have been

established from room temperature X-ray powder diffraction analysis of

samples prepared by reaction sintering of powder compacts of B, BN,

Ni, and of prealloyed binary borides, which prior to use were crushed

to a particle size smaller than 20,m in a steel mortar and/or a WC-Co

mortar respectively [859mi, 889mi]. Annealing of the samples was

either performed (a) in vacuum sealed silica tubes using a thin

molybdenum foil to protect the sample from direct contact with the hot

quartz wall or (b) in a 1 MHz-HF furnace under 1 bar of 6N-Ar or

under various partial pressures of SN-N2 using hex-BN substrates in a

tungsten or molybdenum susceptor crucible. Heat treatments usually

consisted of a primary reaction at 9000 C for 72h followed by a final

reaction at 9000C up to 72h with an intermediate step of crushing and

recompacting to ensure homogeneity. Temperatures were either monitored

by calibrated microoptical pyrometry or by thermocouples; after heat

treatment the samples were radiation cooled ( HF-furnace ) or quenched

in water ( silica capsules ). The starting materials were powders from

3M-Ni , crystallized boron (99.8 % B), and hexagonal boron nitride of

99 % nominal purity, which prior to use was outgassed in high vacuum

at 14000 C. Binary boride master alloys were prepared by arc melting

the elements or by direct sintering under argon; weight losses were

checked to be within 1 wt% [859mi, 869mi].

BINARY SYSTEMS

The reinvestigation of the B-Ni system at 9000C confirmed the

existence of five binary nickel borides [86mi], in essential

consistency with the phase diagram as given in [90Mas]. The maximal

solid solubility of boron in Ni was said to be 0.3 at% B at 10850C

[65Sch]. From X-ray powder analysis the maximum solid solubility of Ni

in ft-B was concluded to be about 3 at% Ni at 10350 C [859mid, 868mi];

for crystallographic data see Table 1.

No phase diagram Ni-N is available, however, the existence of a

series of nickel nitrides has been reported; for details see [78Fro]

and [83Dor]. All nickel nitrides easily decompose on heating at 480 C
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in vacuum and none is stable at 9000C at lOSPa Ar [851mi, 869miJ. The

solubility of N in Ni at 445 was said to amount to less than 0.3 at%

N; the solubility of N in liquid Ni is rather small; for details see

[7BFro].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the phase relations in the Ni-B-N system at 8000C

[859mi, 868mi]. Phase equilibria are characterized by the absence of

ternary compounds and by compatibility between nickel and the binary

nickel-borides and BN. As seen from a comparision of the unit cell

dimensions there is a small but significant solid solubility of Ni in

BN at 900°C, whereas mutual solubilities of the nickel borides and BN

are rather restricted [859miJ. Alloys along the section Ni-BN with a

composition of about 20 mol X BN after heat treatment at 1350 0C and 1

bar argon were reported to be molten and after quenching revealed the

powder pattern of a cubic T-phase Nizs(B,N)4.

The kinetic of nitriding was studied [869mi] from binary nickel

boride samples annealed at 900 and 1250 0C under 1 bar of 6N-nitrogen.

THERMODYNAMICS

A thermodynamic modelling of the Ni-B system is due to (84Kau] and

[81Hac].
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Table 1: Solid phases in the system B-Ni-N
------------------------------------------------------------------

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters
Range ( 0C) Prototype ( pm )

Ni cF4 a= 352.40 (90masJ at RT
<14,,c' Fm~m

Cu

ft-rhB hRlll a=1092.51 (8SVil]

<20920 R~m c=2381.43 (85VilJ
(i-B

a=1095.84 (85Vil) at NiB..20

c=2385 .46

N9 oP1B a= 439.0 [85VilJ

<1160 Pbnm b= 521.05

Fea, c= 661.74
N2B tI12 a= 499.1 [85Vil]

<11250 14/inc c= 424.7

O-Ni4 ,9 oP28 &=1195.40 [85VilJ
<10250 Pnma b= 298.15

O-Ni4B, c= 658.84
a-NidB, mC28 a= 642.82 (85VilJ
(10310 C2/c b= 487.95

m-i4B c= 781.90

(i=103. 3150
NiB oPS a= 292.8 [85VilJ
< 1035* CEnOs b= 739.1

CrB c= 298.4
NI,=Bd oFliB &=1048. (85Vi1J metastable

Cr,,C,
110 oP5 a= 374. (87Vri3
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1i3trio a= 372. (85VilJ

c= 728.
NiOkN hP* a= 480.7 (85VilJ

c400*, NI P8,22 or P312 o= 430.4
Bb P5 a= 250.4 (85Vi1J

P8,/mao C= 866.1

*NiV,(B,M).5 cFliB a=1044.8 (8S9i metastable

Fm5M

Cr 29C a

Table 2: Thermodynamic data for the system Ni-B (after (8lHac])

Phase ArG ( J/gramatom ) Ref.

1.0000 Ni At.*G(Ni) = 17479.82-10.1139 T [8lHac]
1.0000 B ArG(B) =50210-21.23 T

1.0000 Ni ArG (Ni) 0

0.2500 NiB AtG(NiOB) -22240-1.908 T
0.3333 Ni2B AfG(NiB) -21240+0.234 T

0.1485 Ni 4 B AG(Ni Bs) -25800-3.85U T

0.1410 Hi 4B, AG(Ni.B.) -25850-4.179 T'
0.5000 NiB &rG(NiB) = -23220-3.665 T
1.0000 138 tG (/3) =0
Liquid(Ni,B) AG" x(1-x)f-150720-41.46 T + (-51080-8.50 T )(1-2x)+

+(54810+38.10 T)(1-2x) 2 +(41030+4.34 T)(1-2x)s +

+(-38280-25.88 7)(1-2x)')
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Fig.i Isothermal section of the system B - Hi - N at 900 0C under
1 bar of argon (in the absence of external nitrogen).

N
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SYSTM, BORON- RUTHENIUM- NITROGEN (B-Ru-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Ru-N system have been established from

room temperature X-ray powder diffraction analysis of samples prepared
by reaction sintering of powder compacts of B, BN, Ru and of

prealloyed binary borides, which prior to use were crushed to a
particle size smaller than 20mm in a steel mortar and/or a WC-Co

mortar respectively [88Rog]. For annealing the samples were kept on a
hex-BN substrate within a molybdenum or tungsten susceptor crucible.

Heat treatments in a 1 MHz-HF furnace ( under 1 bar of 5N-Ar or 5N-N

) usually consisted of a primary reaction at 1200 0C for 38h followed
by a final reaction at 12000 C for 80h with an intermediate step of
crushing and recompacting to ensure homogeneity. Temperatures were

monitored by calibrated microoptical pyrometry and after heat
treatment all samples were radiation cooled.Starting materials were
powders of 3N-Ru, crystallized boron (99.8 % B), and hexagonal boron

nitride of 99 2 nominal purity, which prior to use was outgassed in

high vacuum at 1400 C. Binary boride master alloys were prepared by
arc melting the elements together on a water cooled copper hearth

[88Rog].

BINARY SYSTEMS

The reinvestigation of the B-Ru system in the range from 800 to

1400 C revealed the existence of at least six binary ruthenium borides

E88Rog]. Consistency with the data available in [84Vil] and [90Mas] is
obtained for the formation and crystal structures of Ru.B., Ru.B.,

RuB, Rus.B, and RuBs, whereas near the composition of Ru.B. two novel
boride phases with a limited temperature region of existence were
found labelled as RuBs-x and RuB,-Y; see Table 1.- Ru.B9 X  was

reported to decompose peritectoidally at temperatures above 1275°C and

eutectoidally below ca 10500C into RuB + Ru B [88Rog]. Due to the
rather sluggish diffusion reactions in the high melting B-Ru system,
thermodynamic equilibrium at 10000C was not attained in those alloys

which were arc melted prior to heat treatment at 10000C.

Homogeneous ranges of the binary borides at 12000C were found to
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be rather small indicating a typical "line-compound" type of

character.

The solid solubility of boron in ruthenium (interstitial type) was

claimed to be less than 1.5 atB at the temperature of the peritectic

formation of Ru7B. (ca 16600C) and was shown to rapidly decease with

decreasing temperature [630br]. From X-ray powder analysis the maximum

solid solubility of Ru in (?-B was concluded to be less than 0.5 atRu

at 18000C [81Cre].

Fig.1 represents the critically assessed version of the Ru-B phase

diagram, temperature versus concentration.

No equilibrium diagram exists for the N-Ru system and solid

solubility of N in Ru is said to be very small [78Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

Figs.2,3 represent the isothermal sections at 12000 C and 14000 C

respectively under 1 bar of argon (in the absence of external nitrogen

pressure) [88Rog]. Phase equilibria are characterized by the absence

of ternary compounds and by compatibility between the binary

ruthenium-borides and BN. As seen from a comparision of the unit cell

dimensions there is no significant solid solubility of Ru in BN at
12000C and at 14000 C, and mutual solubilities of the ruthenium borides

and BN are rather restricted [88Rog]. Whereas at 12000 C ruthenium

metal is still compatible with BN, compatibility is lost at 14000C

owing to the reaction : 7Ru + 3BN ======-Ru7Ba + 3/2N2

Phase equilibria in the Ru-B-N system have been also checked by

nitriding the binary ruthenium boride powders under 1 bar of Na. The

results confirm the gradual decomposition of the higher borides via

lower borides towards a limiting tie-line : (Ru) + BN. No signs of

compound formation at higher nitrogen contents were observed.
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Table 1: Solid phases at 1200 0C and 14000C in the system B-Ru-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range ( C) Prototype ( pm )

Ru hP2 a= 270.58 [90as]

<23340 P63/mmc cz 428.18

Mg

t-rhB hR111 a=1092.51 (85Vil]
<20920 R cz2381.43 [85Vil]

Ru7 B hP20 a= 746.96 [88Rog]

<1660" P6Smc c: 471.55

Th 7Fe.

Ru,,B, oP38 a=1161.58 [88Rog]

<14570 Pbam b=1134.38

RuitB3  c 283.61

RuB hP2 a= 285.33 [88Rog]
<15200 P~m2 c: 285.57

WC (or def. AlB2)
Ru2B y unknown [88Rog

<12000
RUzBOx hP7 a= 500.42 [88Rog]

1275-10250 c=1849.20

RuBO x

Ru.B. hPlO a= 290.48 [88Rog]

<18000 P6ammE c=1280.94

Ru ZBs
RuB2 oP6 a 464.48 [88Rog]
<18500 Pman b= 286.56

RuB, o= 404.82

BNhex hP5 a= 250.4 [85Vil]
Pea/mo c= 688.1
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Fig.1: Assessed diagram of the binary system Ru - B
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I

Fig.2: Isothermal section of the system B - Ru -N at 1200 0C under
1 bar of argon ( in the absense of external nitrogen ).
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Fig.3 Isothermal section of the system B -Ru N I at 14000C under
1 bar of argon (in the absence of external nitrogen )
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SYSTEM BORON - COPPER - NITROGEN (B-Cu-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Cu-N system have been derived from X-ray
powder diffraction analysis of samples prepared by reaction sintering

of powder compacts, which were wrapped in protective Ho-foil, sealed

in evacuated silica tubes and annealed at 9000C for a total of 800h

with repeated crushing and recompacting to ensure homogeneity [9OWei).

Starting materials were powders of 3N-Cu, crystallized boron (99.8 %

B), hexagonal boron nitride of 99 % nominal purity, which prior to use

was outgassed in high vacuum at 14000C and GEC-cubic boron nitride of

99.8 % purity. After X-ray analysis the samples were exposed to 1 bar

of nitrogen for an additional 400h at 9000C and examined.

BINARY SYSTEMS

A tentative equilibrium diagram for the system B-Cu is represented

in [9OMas];for a detailed discussion see also [77Gur). The 3quilibrium

diagram is of a simple eutectic type (C1013C, -13.3 atB) with a
rather extended and retrograde solubility of Cu in 0-rhombohedral

boron [76Lun,9lLun] (-3 atCu at 1013*C, 3.17 atCu at 13000C, 3.47

atCu at 1500*C and 3.85 atCu at 1700*C; see also Table 1). The solid

solubility of B in Cu was said to be low ( -0.29 atCu at 1013*C and

0.08 atCu at RT [8BMas]).

No phase diagram Cu-N is available yet, however, four binary

compounds have been claimed to exist under various conditions Cu4N,

prepared by d.c.-plasma ion nitriding of a Cu-sheet in a 28OPa -

N/H.- atmosphere at 450 to 5300 C, probably is metastable [89Blu];

Cu N, was reported to be stable in hydrogen up to oa 310aC [84Bai]

whereas the azides CuN. and CuN. were synthesized at room temperature

[48Wil,88Soe]; Table 1. The solubility of nitrogen in copper is very

low [78Fro].
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SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 900°C (in the absence

of external nitrogen pressure). Phase equilibria are characterized by

the compatibility of (Cu) and boron nitride with no mutual solid

solubility an indicated from X-ray powder analysis. No ternary

compounds have been observed in agreement with an earlier preliminary

investigation of the reaction (L-Cu) + BN at 11000 C [65Yas].

MISCELLANEOUS

The wetting angle of Cu on BNh.X , as measured by the sessile drop

method, was given as B = 1250 [65Yas].
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Table 1: Solid phases at 9000C in the system B -Cu -

Phase / Pearson Symbol/ Lattice Comments
Temperature Space Group / Parameters

Range (C) Prototype ( pm )

CU cF4 a= 361.49 [86Mas]
t1O84.9* Fm~s

CU

13-rhB hRlll a=1093.02 (78LuriJ
<20920 Onm c=2381.86

13-B

a=1093.32 [76Lun) for CuB4 S
c=2382 .92

a=1093.77 (76LuriJ for CuB,,O,
c=2384.27

a=1094.38 [76Lun) for CuB~ 84.
c=2386. 28

a=1096.05 (76Lun] for CuB 4 2.2
c=2387.93

a=1097.23 (74AndJ for CuB as
c=2388 .94

a=1098.5 [76Hig] for CuBa3
c=2392.5

Cu 4N cP5 a= 319.3 [85VilJ metastable

Pass or P43m

Cu SN oP4 a= 381.3 [85Vi1J

ReOO
* cum* t132 a= 885.3 [85Vil3

141/a o= 559.4

CUE4  oP28 a=1348.1 [85ViJ
Enma b= 308.4

o= 907.8 .-
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B1 hxhP* a= 250.4 C85vi1J
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Fig 1: Isothermal section at 9000C in the system B -Cu - 1
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SYSTEM BORON - SILVER - NITROGEN (B-Ag-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Ag-N system have been derived from X-ray

powder diffraction analysis of samples prepared by reaction sintering

of powder compacts, which were wrapped in protective Mo-foil, sealed

in evacuated silica tubes and annealed at 8000 C for a total of 700h

with repeated crushing and recompacting to ensure homogeneity 9ONei].

Starting materials were powders of silver ( Ogussa, "puriss" ),

crystallized boron (99.8 X B), hexagonal boron nitride of 99 X nominal

purity, which prior to use was outgassed in high vacuum at 14000 C ,and

GEC-cubic boron nitride of 99.8 X purity. After X-ray analysis the

samples were exposed to 1 bar of nitrogen for an additional 400h at

8000C and examined.

BINARY SYSTEMS

A tentative equilibrium diagram for the system B-Ag which is

supposed to be of a simple monotectic type with negligible solid

solubility of B in Ag and without the existence of equilibrium

compounds is presented in [Mof]; a detailed discussion is found in

[77GurJ. The compound "Agx.", claimed to crystallize with the

AlBx-type ( C32, hP3 - PB/mmm, a=300.O, c= 324.Opm [610br]), is likely

to be metastable, and has not been confirmed yet. A small solid

solubility of Ag in 0-rhombohedral boron is inferred from the X-ray

data on an arc melted alloy [81Cre]; see Table 1.

No phase diagram exists for the system Ag-N, however, the

existence of two compounds, which are unstable above 3000C, has been

reported: AgN and AgNs (see Table 1). The solubility of N in silver

is very small [76FroJ. A critical assessment of the data available on

the Ag-N system is due to [O0Kar].
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SOLID PHASES /ISOTHERMAL SECTIONS

Fig.l represents the isothermal section at Bo0C (in the absence

of external nitrogen pressure). Phase equilibria are characterized by

the compatibility of (Ag) and boron nitride with no mutual solid

solubility as indicated from X-ray powder analysis. No ternary

compounds have been observed (9OVeiJ.
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Table 1: Solid phases at 8000C in the system B Ag - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range ( C) Prototype ( pm )

Ag cF4 a= 408.61 [9Omas]

<961.93* Fm~m

Cu

ft-rhB bR111 a=1092.65 [81CreJ

(2092c' R~m o=2380.98

ti-B

a=1093.55 [81Cre] for AgBx
c=2384 .40

Ag3N cF* a= 437.8 (WSill

AgN3  o116 a= 561.70 [85VilJ

Ibam b= 591.46

Kki3-deriv. c= 600.57

BNho hP* a= 250.4 (MSill

P63/mmc c= 888.1
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Fig.1: Isothermal section at 8000C in the system B -Ag-
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SYSTEM BORON - GOLD - NITROGEN (B-Au-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Au-N system have been derived from X-ray

powder diffraction analysis of samples prepared by reaction sintering

of powder compacts, which were wrapped in protective Mo-foil, sealed

in evacuated silica tubes and annealed at 8000 C for a total of 1400h

with repeated crushing and recompacting to ensure homogeneity [90Wei].

Starting materials were powders of 3N-Au, crystallized boron (99.8 X

B), hexagonal boron nitride of 99 X nominal purity, which prior to use

was outgassed in high vacuum at 14000 C and GEC-cubic boron nitride of

99.8 2 purity. After X-ray analysis the samples were exposed to 1 bar

of nitrogen for an additional 400h at 800°C and examined.

BINARY SYSTEMS

A tentative equilibrium diagram for the system Au-B is shown in

[9OMas]; a detailed discussion is also presented by (77Gurl. Without

the existence of equilibrium compounds, the system Au-B is suggested

to be of a simple monotectic type with negligible solid solubilities

of Au, B. For the solubility of Au in P-B see [81CreJ and Table 1. The

compound "AuB.", claimed to crystallize with the AlBa-type ( C32, hP3

- PB/mm, a=314, c= 352pm [610br] ), is likely to be metastable, and

has not been confirmed yet.

No phase diagram exists for the system Au-N, however, a critical

assessment of the existing information is available by E840kaJ; the

formation of two probably metastable compounds Au.N. and AuN. both

with unknown crystal structure is mentioned [840ka]. The solubility of

N in Au is negligible [840ka,78Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 8000 C in the absence of

external nitrogen pressure. Phase equilibria are characterized by

compatibility of (Au) and boron nitride with no mutual solid

solubility an indicated from X-ray powder analysis. No ternary

compounds have been observed.
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Table 1: Solid phases at 8000C in the system B Au -

Phase / Pearson Symbol/ Lattioe Comments

Temperature Spaoe Group / Parameters

Range (*C) Prototype ( pm )

Au cF4 a= 407.84 (90mas]

<1064.40 Fmua

Cu

0-rhB hRlll a=1092.51 (85Vii]

<20920 Rn c=2381.43

ti-B
a=1093.24 [8lCre) for AuB

c=2382.38

B hex  hP* a= 250.4 [85Vi1]
P6,/msc c= 686.1

BNhex
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FiS.1: Isothermal section at 800 C in the system B -Au -
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SYSTEM BORON - ZINC - NITROGEN (B-Zn-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Zn-N system have been established from
X-ray powder diffraction analysis of samples prepared by reaction
sintering of powder compacts, which were wrapped in protective

Mo-foil, sealed in evacuated silica tubes and annealed at 3750C for a

total of 850h with repeated crushing and recompacting to ensure

homogeneity (9OWei]. Starting materials were powders of 3N-Zn,
crystallized boron (99.8 % B), hexagonal boron nitride of 99 % nominal

Vuv+iy whiph prior to use was outgassed in high vacuum at 1400°C.

BINARY SYSTEMS

A tentative equilibrium diagram for the system B-Zn is given in
[Mof], however, does not account for the observed solid solubility of

Zn in boron (see below); a comprehensive discussion of all reported
information has been given by [77Gur]. There is no binary boride known

and there is practically no solubility of B in Zn, whereas a rather

extended solid solution B 00 xZn x ( x < 5 ) exists in 17-rh boron ( -

B2Zn ,[87Kuz] ) as well as in a-rh boron ( <1.3 atZn, [77KorJ ); see

Table 1. The interaction of Zn with the various modifications of boron

at 500 to 900*C has been studied by [77Kor].

According to a recent critical assessment of the system N-Zn

[88Wri] two binary compounds are known to exist: Zn N (see Table 1),

which was claimed to be stable up to 5500C under N., but decomposes in

vacuum above 3500C [88Wri] and ZnN. which decomposes on heating around

300 C and for which two structural modifications have been reported

(see Table 1) [88WriJ. Interstitial solubility of N in Zn is very low

[88WriJ.

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 3750C (in the absence

of external nitrogen pressure). Phase equilibria are characterized by

the compatibility of (Zn) and boron nitride with no mutual solid

solubility an indicated from X-ray powder analysis. No ternary
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compounds have been observed in agreement with an earlier preliminary

investigation or the reaction (L-Zn) + BN at 9400C [BSYasJ.
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Table 1: Solid phases at 3750 C in the system B-Zn-N
-------------------------------------------------------------------------

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (°C) Prototype ( pm )
-------------------------------------------------------------------------

Zn hP2 a= 266.44 [90Mas]
<419.60 P6,/mmc c= 494.94

Mg
13-rhB hRlll a=1092.51 [85VilJ
<20920 R3m o=2381.43 [85VilJ

O-B
a=1098.6 [87Kuz] for ZnB 2
c=2401.6

a=1093 [77KorJ

c=2374

a=1101 [77Kor] for ZnB,,

o=2317
a1100 [77KorJ for ZnB,,

c=2404
a-rhB hR36 a= 490.9 [77Kor]

<12000 R~m c" 258.2
a-B

a= 491.0 (77Kor) for ZnBo
o=1258.2

BN h x  hP* a= 250.4 [85Vil]

P89/mmo c= 886.1
BNhex

nKNZ  cI80 a= 976.3 [85Vil]
I a

ca-ZnU oP35 a=1098 [85Vil

P2221  b= 692 [88Wri] gives Pcmn-oP84

o=1833
l-ZnU4  o28 a= 735 [8SWriJ

b= 437

o=1523

I2 2
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Fig.1: Isothermal section at 3750C in the system B Zn -N
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SYSTEM BORON - CADMIUM - NITROGEN (B-Cd-H)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Cd-N system have been established from

X-ray powder diffraction analysis of samples prepared by reaction

sintering of powder compacts, which were wrapped in protective

Mo-foil, sealed in evacuated silica tubes and annealed at 250 0 C for a

total of 350h with repeated crushing and recompacting to ensure

homogeneity [9OVeiJ. Starting materials were powders of 3N-Cd,

crystallized boron (99.8 X B), hexagonal boron nitride of 99 X nominal

purity, which prior to use was outgassed in high vacuum at 1400 0 C and

GEC-cubic boron nitride of 99.8 X purity.

BINARY SYSTEMS

A tentative equilibrium diagram for the system B-Cd is given in

[Mof]. A binary compound "CdB." has been mentioned earlier but is

supposed to be metastable or ill characterized; for a more detailed

discussion see [77Gur]. B was said to be insoluble in Cd and whereas

the solubility of Cd in 3-B is said to be very low, -5 mass% Cd was

reported to dissolve in a-B at 800"C [77GurJ.

According to a recent critical assessment of the system Cd-N

[88Wri], the formation of two binary compounds has been reported:

Cd.N. and CdNd; see Table 1. Whereas Cd.N. was reported to decompose

slowly at 1800C in an atmosphere of NH, (pressure not specified,

[88Vri]), the azide CdN. decomposes nonexplosively when heated

slightly above 1000C [88WriJ. The solubility of N in Cd is small

[88Wri].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 2500C (in the absence

of external nitrogen pressure). Phase equilibria are characterized by

the compatibility of (Cd) and boron nitride with no mutual solid

solubility as indicated from X-ray powder analysis. No ternary

compounds have been observed in agreement with an earlier preliminary

investigation of the reaction (L-Cd) + BN at 550°C [85Yas].
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TI

MI SCELLANEOUS

Nonwetting behavior ( > > 900) was claimed by [85Yas].
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Table 1: Solid phases at 375 0C in the system B -Cd - N

Phase / Pearson Symabol/ Lattice Comments

Temperature Space Group / Parameters

Range (C) Prototype ( ps )

Cd hP2 a= 297.88 NNWas

<321.11 P6a/usc a= 581.87

Mg

13-rhB hR1ll a=1092.51 [85Vjl]
<20920 R~m c=2381.43

13-B

B~hx hP* a= 250 4 [85Vi1]

P82/.mc c= 888.1

Cdqt42  cI80 a=1081 (85VilJ
I ag

Mn 20.

CdNd oP58 a= 784 (88Vri)
Pbea b= 847

c=1807
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Fig.1: Isothermal section at 2500C in the system B -Cd -N
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SYSTEM BORON - ALUHINIUK - NITROGEN (B-Al-N)

INTRODUCTION / EXPERIMENTAL

Information on the phase relations in the Al-B-N system are due to

several research groups [65Pri, 67Lue, 72Lyu, 73Lyu, 79Sir, 81Hir,

82Andl, 82And2 and 91RemJ. A recent critical review has been provided

by [9OJehJ. General agreement exists on the absence of ternary

compounds. Various methods employed such as (a) nitriding of complex

salts of Al and B or mixtures of metal and complex salts in NH, or (b)

reaction sintering of polycrystalline samples Al+BN , resulted in the

formation of extended solid solutions of the mononitrides AllxBxN

[65Pri, 72Lyu, 73Lyu, 79Sir, 82Andl, 82And2, 91Rem]. AIN was found to
act as a catalyst for the synthesis of cubic BN from hexagonal BN in

lowering the temperature and pressure conditions to 1000C and 7 GPa

[81Hir]; sintering of BN+Al powder compacts in the range from 1500 to

3000"C and 5 to 9.5 GPa resulted in cubic BN with 2-3 massX Al

dissolved [79Sir3. The lattice parameter of BN was said to decrease

from 361.5 to 361.0 pm on saturation with Al; higher Al contents

yielded the formation of AlN, A1B., and 19-B [79Sir]. Two isothermal

sections at 10'Pa and 8GPa have been presented [73Lya, 79Sir, 82Andl,

82And2].

Phase equilibria in the B-Al-N system at 900*C under 10'Pa argon (

in the absence of external nitrogen)have been established from X-ray

powder diffraction analysis of samples prepared by reaction sintering

of powder compacts of B, BN, and of prealloyed binary borides, which

prior to use were crushed to a particle size smaller than 20am in a

WC-Co mortar. For annealing the samples were kept on a Mo(or

BN)-substrate within a wire resistance heated quartz recipient under

argon. Heat treatments usually consisted of total of lO00h with

repeated crushing and recompacting to ensure homogeneity [9lRem].

Starting materials were ingots of 3-Al, crystallized boron (99.8 X

B), and hexagonal boron nitride of 99 X nominal purity, which prior to

use was outgassed in high vacuum at 1400°C.
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BINARY SYSTEMS

A tentative phase diagram Al-B as presented in [Ell] contains AlB.

and AIBU as the only binary phases (Table 1) and is in agreement with

a reinvestigation at 900"C [91Rem]. The solid solubility of B in Al is

less than 0.025 atXB at 859.7"C. No attempts have been made to

establish the solubility of Al in boron. The assessed version of the

Al-B diagram is shown in Fig.1.

The Al-N phase diagram, as suggested by [90Mas], is accepted; a

detailed description is due to [86Wri]. AIN is the only binary phase

(Table 1). The solid solubility of N in Al is low [88Wri].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig 2 shows the phase equilibria as determined by (82And2] at a

pressure of 8 GPa.

Fig.3 represents the isothermal section at 900 0C (in the absence
of external nitrogen pressure). Phase equilibria are characterized by
the formation of a stable equilibrium AIB,+ (AIN) + (BN) with a small
but significant mutual solubility of AljXBxN. No ternary compounds

have been observed.
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Table 1: Solid phases at 900°C in the system B-Al-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (0C) Prototype ( pm )
----- ---------------------------------------

Al cF4 a: 404.96 [90Has]

<660.4520 Fm3m

Cu

ft-rhB hRlll a:1092.51 [85Vil
<20920 R3m c=2381.43 [85Vil]

A-B
AlB2  hP3 a= 300.6 (85Vil]
<9750 P6/mm. c= 352.2

AlB a

Sr-AlB12 (r) oP384 a=1657.3 [81Hig]
<14500 P212121 b=1751.0

r-A1B12  0=1018.0
a-AB 12 (h) tP216 a=1015.8 (77Hi9l

1920-1450 °  P41212 o=1427.0

a-AlB 1

AI£ hP4 a: 311.14 [88Wri]

PB9mc c= 497.92

ZnS
Be x  hP* a= 250.4 [85Vilr

Pe /aMo o= 688.1

Byb
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Fig.1: The binary system Al-B
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Fig.2: Isothermal section in the system B-Al-N under 8 GPa [82And2J
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Fig.3: Isothermal section at 900 0C in the system B - Al - N4
under 10*Pa argon in the absence of external nitrogen
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SYSTEM BORON - INDIUM - NITROGEN (B-In-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-In-N system have been established from
X-ray powder diffraction analysis of samples prepared by reaction

sintering of powder compacts, which were wrapped in protective

Mo-foil, sealed in evacuated silica tubes and annealed at 120 C for a
total of 1800h with repeated crushing and recompacting to ensure

homogeneity [90Wei]. Starting materials were powders of 3N-In,
crystallized boron (99.8 % B), and hexagonal boron nitride of 99 %

nominal purity, which prior to use was outgassed in high vacuum at

14000 C.

BINARY SYSTEMS

A tentative monotectic type of equilibrium diagram for the system

B-In is given in [Mof,B5Wal]. There is no binary boride known and
there is practically no mutual solid solubility of the elements. No

phase diagram In-N exists. According to a critical assessment by

[890ka] the only binary nitride InN was said to be rather unstable and

to decompose at ca 6800 C under 10Pa N2  (38Juz), (87Jon]. The
interstitial solubility of N in In is likely to be very low; no

details are known so far [78Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 1200C (in the absence
of external nitrogen pressure). Phase equilibria are characterized by

the compatibility of (In) and boron nitride with no mutual solid
solubility as indicated from X-ray powder analysis. No ternary

compounds have been observed [90Wei].
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Table 1: Solid phases at 120*C in the system B-In-N
------------------------------------------------------------------

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range ( 0C) Prototype ( pm )

In t12 a= 325.3 (9OMasJ

<156.630 14/mmm c= 494.70

In

/7-rhB hR11l a=1092.51 [85Vill

<20920 R~m c=2381.43 [85VilJ

InN hP4 a= 354.0 [85VilJ

P62mc c= 570.4

ZnS

BNb.*x hP* a= 250.4 EMUVi]

P63/mmc O= 666.1
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Fig.1: Isothermal section at 1200C in the system B -In -N
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SYSTEM BORON - THALLIUM - NITROGEN (B-Ti-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Ti-N system have been established from

X-ray powder diffraction analysis of samples prepared by reaction

sintering of powder compacts, which were wrapped in protective

Mo-foil, sealed in evacuated silica tubes and annealed at 2000 C for a

total of lO00h with repeated crushing and recompacting to ensure

homogeneity [SO~ei]. Starting materials were ingots of 3N-Ti,

crystallized boron (99.8 X B), and hexagonal boron nitride of 99 %

nominal purity, which prior to use was outgassed in high vacuum at

14000 C.

BINARY SYSTEMS
A tentative monotectic type of equilibrium diagram for the system

B-Ti is given in [Mof,B5Wal]. There is no binary boride known and

there is practically no mutual solid solubility of the elements. No

phase diagram is available for Tl-N.The binary nitrides TIN and TIN,

were said to be rather unstable . TIN is obtained in the arc using

Tl-electrodes under nitrogen [78FroJ. According to thermal expansion

data in the range from 95 to 600 K, TIN, was observed with three

modifications [73Mau]. TIN, at room temperature was reported to be

isomorphic with KNa : 3-TiN, (tI16 - 14/mem, a=620.94, c=735.83pm

[73Maul) with a transition into an orthorhombic structure at

temperatures below 248(5)K a-TINa ( oP32, a=871.8, b=876.6,
c=739.5pm [73Mau]); furthermore a cubic high temperature phase r-TlNs

( Pm~m, structure unknown ) has been discussed to be stable at iOsPa

N2 above 565.2 K ;see [73Maul. No interstitial solubility of N in Ti

was observed up to 8000 C [76ro].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 2000 C (in the absence

of external nitrogen pressure). Phase equilibria are characterized by

the compatibility of (Ti) and boron nitride with no mutual solid

solubility as indicated from X-ray powder analysis. No ternary

compounds have been observed.
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Table 1: Solid phases at 2000C in the system B-Ti-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (*C) Prototype ( pm )

a-Ti hP2 a= 345.66 [soHas]

<230 °  Pea/mmc c= 552.48

Hg

19-Ti c12 a= 387.1 [9OHas]

<3030  Im3u

1i-rhB hRlll a=1092.51 [85Vil]

<20920 R3m c=2381.43

P-B

TIN hP4 a= 368 [85Vil]

P63mc = 601

ZnS

BNho x  hP* a= 250.4 [85Vil]

Pea/mmc c= 666.1

BNh2x
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Fig.1: Isothermal section at 200*C in the system B -T1 N
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SYSTEM BORON - TIN - NITROGEN (B-Sn-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Sn-N system have been established from

X-ray powder diffraction analysis of samples prepared by reaction

sintering of powder compacts, which were wrapped in protective

Mo-foil, sealed in evacuated silica tubes and annealed at 2000C for a

total of llOOh with repeated crushing and recompacting to ensure

homogeneity (9OWei]. Starting materials were powders of 3N-Sn,

crystallized boron (99.8 % B), and hexagonal boron nitride of 99 Z

nominal purity, which prior to use was outgassed in high vacuum at

1400C.

BINARY SYSTEMS

A tentative monotectic type of equilibrium diagram for the system

B-Sn is given in [Mof], for a more detailed discussion see [77Mak].

There is no binary boride known and there is practically no mutual

solid solubility of the elements. No phase diagram exists for N-Sn.

Binary nitrides Sn.N, and Sn.N. were said to be rather unstable and

may be prepared by heating Sn(NH2),Cl or SnNH to 340°C in vacuum. In

the temperature range 250 to 8000C the interstitial solubility of N in

Sn is said to be negligible [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 2000C (in the absence
of external nitrogen pressure). Phase equilibria are characterized by

compatibility of (Sn) and boron nitride with no mutual solid

solubility as indicated from X-ray powder analysis. No ternary

compounds have been observed in agreement with an earlier preliminary

investigation of the reaction (L-Sn) + BN at 8000C [65Yas].

MISCELLANEOUS

Nonwetting behavior ( > 900) was claimed by [85Yas].
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Table 1: Solid phases at 2000C in the system B-Sn-N

Phase / Pearson Symbol/ Lattice Comments
Temperature Space Group / Parameters

Range ( 0C) Prototype ( pm )

13-Sn U14 a= 583.18 [9OMasJ
<231.970 14,/amd c= 318.18

(3-Sn

ft-rhB bRill a=1092.51 [85VilJ
(20920* R~m o=2381.43 (85Vill

BN he hP* a= 250.4 (85Vil)

PB*/mmc c 888.1
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Fig.1: Isothermal section at 200%C in the system B - Sn -N

N

C- 80 80Sn-B-N
C 80 80Isotherm

0 ~200 OC

%60 60

40

04

20

Sn 20 40 60 80B
Atom Percent Boron

248



SYSTEM BORON - LEAD - NITROGEN (B-Pb-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Pb-N system have been established from

X-ray powder diffraction analysis of samples prepared by reaction

sintering of powder compacts, which were wrapped in protective

Mo-foil, sealed in evacuated silica tubes and annealed at 200 0 C for a

total of 1500h with repeated crushing and recompacting to ensure

homogeneity [90Wei]. Starting materials were ingots of 3N-Pb,

crystallized boron (99.8 X B), and hexagonal boron nitride of 99 %

nominal purity, which prior to use was outgassed in high vacuum at

14000 C.

BINARY SYSTEMS

A tentative monotectic type of equilibrium diagram for the system

B-Pb is given in [Mof); a comprehensive discussion of all reported

information has been given by [77Mak]. There is no binary boride known

and there is practically no solid solubility of B in Pb. In the Pb-N

system several rather unstable binary compounds have been claimed to

exist: PbN, and Pb N , which have been prepared by cathodic

sputtering [76FroJ, and metastable PbN,, for which two structural

modifications have been reported (Table 1). There is

practically no solubility of N in Pb up to 6000C [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.l represents the isothermal section at 200 0C (in the absence
of external nitrogen pressure). Phase equilibria are characterized by

the compatibility of (Pb) and boron nitride with no mutual solid

solubility as indicated from X-ray powder analysis. No ternary

compounds have been observed in agreement with an earlier preliminary

investigation of the reaction (L-Pb) + BN at 800°C [65Yas].
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Table 1: Solid phases at 200 0C in the system B-Pb-N

Phase / Pearson Symbol/ Lattice Comments
Temperature Space Group / Parameters

Range (OC) Prototype ( pm )

Pb cF4 a= 485.02 [9OMasJ
<327.500 Fm~m

Cu

ft-rhB hRlll a=1092.51 EB5VilJ
<2092' R5M c=2381.43

BNh* hP* a= 250.4 (85Vil]

P63/mmc c= 666.1

BN he
ca-PbN, oP84 a= 663 (85Vil]

?nma b=1625

c=1131
t?-PbNd monoclinic a= 509.0 [Eli]

b=8844

c=1750.8

t3=90-016 or

a=1849 [Ell]

b= 884

a= 512

(=107 .5830
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Fig.1: Isothermal section at 2000C in the system B - Pb -N
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SYSTEM - BORON - ANTIMONY - NITROGEN (B-Sb-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Sb-N system have been established from
X-ray powder diffraction analysis of samples prepared by reaction

sintering of powder compacts, which were wrapped in protective

Mo-foil, sealed in evacuated silica tubes and annealed at 575°C for a

total of 900h with repeated crushing and recompacting to ensure

homogeneity [9OWei]. Starting materials were powders of 3N-Sb,
crystallized boron (99.8 % B), hexagonal boron nitride of 99 % nominal

purity, which prior to use was outgassed in high vacuum at 14000C.

BINARY SYSTEMS

A tentative monotectic type of equilibrium diagram for the system

B-Sb is given in [Mof,65Wal]. There is no binary boride known and

there is practically no mutual solid solubility of the elements. No

phase diagram is available for N-Sb and no binary nitrides of Sb have

been reported. The solubility of N in Sb is likely to be very low.

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 5750C (in the absence

of external nitrogen pressure). Phase equilibria are characterized by

the compatibility of (Sb) and boron nitride with no mutual solid

solubility as indicated from X-ray powder analysis. No ternary

compounds have been observed [9OWei.
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Phase / Pearson Symbol/ Lattice Comments
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Fig.l: Isothermal section at 5750C in the system B - Sb - 1
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SYSTEM BORON - BISMUTH - NITROGEN (B-Bi-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria in the B-Bi-N system have been established from

X-ray powder diffraction analysis of samples prepared by reaction

sintering of powder compacts, which were wrapped in protective

Mo-foil, sealed in evacuated silica tubes and annealed at 2000C for a

total of 1500h with repeated crushing and recompacting to ensure

homogeneity [9OWei). Starting materials were powders of 3N-Bi,

crystallized boron (99.8 % B), and hexagonal boron nitride of 99 %

nominal purity, which prior to use was outgassed in high vacuum at

1400 0C.

BINARY SYSTEMS

A tentative monotectic type of equilibrium diagram for the system

B-Bi is given in [Mof,65Wal]. There is no binary boride known and

there is practically no mutual solid solubility of the elements. No

phase diagram Bi-N exists, however, the formation of a binary nitride

BiN was claimed without further details [78Fro]. In the temperature

range 250 to 8000C there is practically no solubility of N in Bi

[76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

Fig.1 represents the isothermal section at 2000C (in the absence

of external nitrogen pressure). Phase equilibria are characterized by

the compatibility of (Bi) and boron nitride with no mutual solid

solubility as indicated from X-ray powder analysis. No ternary

compounds have been observed in agreement with an earlier preliminary

investigation of the reaction (L-Bi) + BN at 8000 C [65YasJ.

MISCELLANEOUS

Nonwetting behavior ( > 900) was claimed by [65Yas].
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Table 1: Solid phases at 200 0C in the system B-Sn-N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (*C) Prototype ( pm )

Bi hR2 a= 454.80 [85Vil)

<271.44 0 R~m c=1188.2

*-As

i3-rhB hRlll a=1092.51 (85Vil]

(20920 R~m o=2381.43 [85VilJ

ft-B

BNhox hP* a= 250.4 [85VilJ

P6*/mmc c= 688.1

ON
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Fig.1: Isothermal section at 200*C in the system B - Bi -N

N

Bi-B-N
e 080Isotherm

0 ~200OC
.:

6 60 60

04

20 20

Bi20 40 60 80 B
Atom Percent Boron

258



Part B

Ternary Systems Metal -Silicon -Nitrogen



PART B TERNARY SYSTEMS M - Si. - N

TA3LE OF CONTENT

page

1. Ternary system Lithium - Silicon - Nitrogen 1

2. Ternary system Beryllium - Silicon - Nitrogen 4

3. Ternary system Magnesium - Silicon - Nitrogen 7

4. Ternary system Calcium - Silicon - Nitrogen 9

5. Ternary system Strontium - Silicon - Nitrogen 12

6. Ternary system Barium - Silicon - Nitrogen 15

7. Ternary system Scandium - Silicon - Nitrogen 18

S. Ternary system Yttrium - Silicon - Nitrogen 23

9. Ternary system Lanthanum - Silicon - Nitrogen 28

10. Ternary system Cerium - Silicon - Nitrogen 31

11. Ternary system Samarium - Silicon - Nitrogen 37

12. Ternary system Holmium - Silicon - Nitrogen 41

13. Ternary system Titanium - Silicon - Nitrogen 47

14. Ternary system Zirconium - Silicon - Nitrogen 57

15. Ternary system Hafnium - Silicon - Nitrogen 66

16. Ternary system Vanadium - Siliccon -Nitrogen 73

17. Ternary system Niobium - Silicon - Nitrogen 79

18. Ternary system Tantalum Silicon - Nitrogen 88

19. Ternary system Chomium - silicon - Nitrogen 99

20. Ternary system Molybdenum - Silicon - Nitrogen 110

21. Ternary system Tungsten - Silicon -Nitrogen 118

22. Ternary system Manganese - Silicon - Nitrogen 124

23. Ternary system Rhenium - Silicon - Nitrogen 133

Lti



24. Ternary system iron - Silicon - Nitrogen 139

25. Ternary system Ruthenium - Silicon - Nitrogen 146

26. Ternary system Cobalt - Silicon - Nitrogen 151

27. Ternary system Rhodium - Silicon - Nitrogen 158

28. Ternary system Nickel - Silicon - Nitrogen 162

29. Ternary system Copper - Silicon -Nitrogen 168

30. Ternary system Silver - Silicon - Nitrogen 173

31. Ternary system Gold - Silicon -Nitrogen 177

32. Ternary system Zinc - Silicon - Nitrogen 181

33. Ternary system Cadmium - Silicon - Nitrogen 185

34. Ternary system Aluminum - Silicon - Nitrogen 189

35. Ternary system Indium - Silicon - Nitrogen 193

36. Ternary system Thallium - Silicon - Nitrogen 196

37. Ternary system Tin - Silicon - Nitrogen 199

38. Ternary system Lead - Silicon - Nitrogen 202

39. Ternary system Antimon - Silicon - Nitrogen 205

40. Ternary system Bismuth - Silicon - Nitrogen 208



LIST Or FIGURS

Figure page

7.1. Isothermal section of Sc- Si -N at 800 OC 21

7.2: Isothermal section of Sc -Si -N at 10000C 22
0.1: Isothermal section of Y Si -N at 1000 0 C 27

10.1: The binary Cerium - Silicon 35

10.2: Isothermal section of Ce - Si -N at 10000C 36
11.1: The binary Samarium -Silicon 40

12.1: The binary Holmium -Silicon 44

12.2: Isothermal section of Ho - Si -N at 20000C 45

12.3: The phase Ho J ,_ at 10000C 46

13.1: The binary Titanium - Nitrogen 53

13.2: Isothermal section of Ti - Si -N at 10000C 54

13.3: The phase Ti5Si8N,_ at 10000C 55

13.4: Phase equlibria of Ti. - Si - N close to the binary Ti -N 56
14.1: Isothermal section of Zr -Si - N at 10000c 63
14.2: Isothermal section of Zr -Si - N at 13000C 64
14.3: The phase ZrS:i 1Ij, at 14000C 65
15.1: The binary Hafnium - Nitrogen 71

15.2: Isothermal section of Hf - Si - N at 13000C 72
16.1: Isothermal Section of V -Si -N at 10000 C 77

16.2:*Isothermal Section of V -Si -N at 15000 C 78

17.1: The binary Niobium - ilicon 84

17-*2: The binary Niobium -Nitrogen 85
17.3: Isothermal section of Nb -Si -N at 10000C 86
17.4: Isothermal section Of Mb -Si1 N at 15000C 87

16.1: The binary Tantalum -silicon 94
18.*2: The binary Tantalum -Nitrogen 95
18.3: Isothermal Section of Ta. -Si - N at 10006C 96

16.4: Isothermal section of Ta ali N at 13270C 97
18.5: Isothermal Section Of Ta. - i1 N at 15000C 98
19-2 : The binary Chromium - nitrogen 105
19.2: Isothermal section of Cr - Si1 N at 20000C (P(kIj): 4OPa) 106
19.3: Isothermal section Of Cr - Si -N at 10000C (P(tj)t 40Pa) 107



Figure page

19.4: isothermal section of Cr - Si - N at 14000C 108

19.5: Isothermal section of Cr - Si - N at 16000C 109

20.1: The binary Molybdenum - Silicon 115

20.2: The binary Molybdenum - Nitrogen 116

20.3: Isothermal section of No - Si - N at 14000C 117

21.1: isothermal section of W - Si - N at 10006C 122

21.2: Isothermal section of W - Si - N at 14000C 123

22.1: The binary Manganese - Nitrogen 131

22.2: Isothermal section of Mn - Si - N at 10000c 132

23.1: Isothermal section of Re - Si - N at 10000C 137

23.2: Isothermal section of Re - Si - N at 14000C 138

24.1: The binary Iron - Silicon 143

24.2: Isothermal section of Fe - Si - N at 9000C 144

24.3: Isothermal section of Fe - Si - N at 11500 C 145

25.1: The binary Ruthenium - Silicon 147

25.2: Isothermal section of Ru - Si - N at 10000C 149

25.3: Isothermal section of Ru - Si - N at 12500C 150

26.1: The binary Cobalt - Silicon 156

26.2: Isothermal section of Co - Si - N at 10000C 157

27.1: Isothermal section of Rh - Si - N at 1250 0C 161

28.1: Isothermal section of Ni - Si - N at 9000C 167

29.1: Isothermal section of Cu - Si - N at 7000C 172

30.1: Isothermal section of Ag - Si - N at 9000C 176

31.1: Isothermal section of Au - Si - N at 9000C 180

32.1: Isothermal section of Zn - Si - N at 3500C 184

33.1: Isothermal section of Cd - Si - N at 3000C 188

34.1: Isothermal section of Al - Si - N at 6000C 192

35.1: Isothermal section of In - Si - N at 1200C 195

36.1: Isothermal section of Tl - Si - N at 2000C 198

37.1: isothermal section of Sn - Si - N at 2000C 201

38.1: Isothermal section of Pb - Si - N at 2000C 204

39.1: Isothermal section of Sb - 8 - N at 6006C 207

40.1: Isothermal section of Bi - Si - N at 2000C 210



SYSTEM LITHIUM -SILICON -NITROGEN (Li-Si-N)

INTRODUCTION / EXPERIMENTAL

Six ternary phases are reported to exist in the system Li-Si-N

[53juz1,[7OLanJ,[S7YaUI.In the latter work the phases were synthesized

by heating mixtures of LiN (prepared from lithium (purity: 2N; from

Vako Pure Chemical Ind.Ltd.,Japan) and nitrogen (purity: 5N)) and Si.N
(UDE-SN-E 10 containing 2 wt% oxygen; from Ube Ind. Ltd. ,Japan) under

nitrogen at T : 8000C for 24h and more.

BINARY SYSTEMS

The phase diagram for the system Li-Si due to [8514arl is reported

in [761of].Crystal structures of the intermediate phases are listed

in tab.1.1.The diagram for Li-N is given in [8614as1.Li3N is the only

stable nitride (tab.1.1).In additionthe azide Litj is structurally

characterized. No phase diagram is reported for Si-N. SkNM4 exists

in two modifications.,o-S N. and 17-Si.M. (tab.l.1).The solubility of

nitrogen in silicon is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

Only the section L1 K-Si.N. of the system Li-Si-N was investigated

[533uzJ,[7OLanJ[87YauJ.At B0O0C the sequence of coexisting phases is

Crystal structure data of these phases are given in tab.1.1. It should

be notedthat the phase labeled Li,3ijj by [53JuzJ was identified as

Li2,Sisljl by (87YauJ and the phase labeled Li, SiNea by [7OLanJ was

identified as Lk,SiL,lj, by [87YanJ.A sixth ternary phase, LiSiz 1%

was observed at 12000C by [B7YamJ and at above 750 0C by [7OLan].
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Table 1.1: Solid phases in the system Li - Si - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

Li c12 a= 351.0 185Vil);powder pattern:

Imsm ASTH file card # 15-401

W (A2)
LJ22 S, cF432 a= 1875 [85Vil];powder pattern:

F23 ASTM file card # 18-747

LJ22 Pbs

Lksa,5i oP34 a= 799 [85Vill;powder pattern:

(L SS) Pbam b= 1521 ASTM file card # 29-830

Lisa Sit c= 443

L:S1 hR7 a= 443.5 (85Vill

R3m c= 1813.5
L .Si,

L1si. oP152 a= 861.0 [85Vil]

Pnma bw 1973.8

Lk 2S 7  co 1434.1
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Tab.1.1 continued

LINhP4 a= 364.8 [BSVilJ;powder pattern:

P6/mu c= 387.5 ASTI4 file card # 30-759

Lij ace a= 562.7 11B5VilIlpowder pattern

C2/m b= 331.9 ASTI4 file card # 22-680

AuSe c= 497.9

O~= 107.40

Si cre a= 542.86 [B5VilJ;powder pattern:

Fd~m ASTK file card # 5-565

C (M4)

o-S1aN4  hP28 a= 781.8 (85VilJ;powder pattern:

P31c c= 559.1 ASTK file card # 9-250

S jaN 4

1-S12N4  hPl4 a= 760.8 [B5vilJ;powder pattern:

P63/m c= 291.1 ASTII file card # 29-1132

S1N4  33-1160

*LiSj2 NS oC24 a= 918.6 [B5VilJ;powder pattern:

Cmc2, b= 530.2 ASTII file card # 26-1186

C% SaS . c= 477.6

*LS2SiN3  (7OLanJ powder Pattern:

ASTK file card # 23-365

*LV.5SR2 c196 a= 472.40 (87YaaJ;

1aS gives powder pattern

AILJ&N2 (3 9 d)

'LkeSi1 ]t t** a= 1416.8 [87Tam];powder pattern:

c= 1435.3 ASTH file card # 23-366

and in [7BYamJ

*LI1 Ss t, **a= 947.0 [B7TaaJ;Powder pattern:

c= 953.0 ASTK file card # 7-260

and in [87Taa]

'LSSBIN4  t** an 1021.7 [7OLanJ;powder pattern:

cz 953.6 given in [87Tam]
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SYSTEM BERYLLIUM - SILICON - NITROGEN (Be-Si-N)

INTODCTON / ZPERIMEIWAL

Seven ternary phases are reported to exist in the system Be-Si-N
[6ORabJ,[(67-l~ck], [67-2Eckl.[75HusJ,[I77Thoj, [SOSch].Xn the latter

work the samples were prepared from beryllium nitride (reactor quality;
from Serva Int.,FRG) and silicon nitride (HCST 3733 containing 1.2 wt%
carbon, 2.1 wt% oxygen, 38.7 wt% nitrogen; from H.C.Starck BerlinFRG)
by hot pressing (28MM/n 2) under nitrogen at 17600 C for 45'.

BINARY SYSTEMS

The phase diagram for the system Be-Si is given in [86Mas]I.No phase
diagrams are reported for Be-N or Si-N. Be~N2 as well as Si. N exist
in two modifications (tab.2.1).Under idFia N2 B%~N2 melts at 22000C
[B7WriJ.The solubility of nitrogen in silicon as well as in beryllium
is very low [76FroI(87Wril.

SOLID PHASES / ISOTHERMAL SECTIONS

Only the section Be.3 j-Si.N4 of the system Be-Si-N was investigated
[6ORabl,[67-lgckJ,[67-2Zckl,[75Hus],[76Thoj,[77Tho],[808ch].The ter-
nary phases found can be described by the general formula Be Si
At 17600C the sequence of coexisting phases is 513N.- BeSiN2(=
- Be,i 3L16(n=6) - Be 1 1 Si ,.1 (n=5) - Be5 S1JN(n=4) - Be9 SJN 1 (n=3)-
- Be,SIX,(n=2) - Be7 Sik(n=1) - fl-BeA! [SOSchJ.Crystal structure
data of these phases are given in tab.2.1. t-N 2 dissolves 2.5
MOIL% SJON4 [SO8oh].

(6ORab J A. Rabenau and P. Uckerl in, "Compounds In the System
ft3,-S1,n ",In wpecial Ceramicsm,P.Popper (ed.) (Heywood &Co,
London, 1960) p136-143

(67-3ecki P.Sekerlin,A.Rabenau and H.Mortmann, Preparation and
Proprtis o 5eiiw,3.Anorg.Allg.Chem.3s3 (1967) 113-121--
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(67-29ckJ P.Eckerlin,*The Crystalstructure of BeSiI NZ.Anorg.Allq.
Chem.353 (1967) 225-235

(75HusJ I.C.HusebyH.K.Lukas and G.Petzow,"Phase Equilibria in the
System wayM -Siq -BeO-DeSt, J. Amer. Ceram. Soc. 58 (1975) 377-380

[767roJ X.Vromm and 3.Ginbardt.'Gaue und Kohlenstoff in Ketallenu
(8pringier~b.rlin. 1976)

(76Thoj D.P.Thompson "New Polytypes in the Be-Si-O-K Systen",J.Kater.
Sci.11 (1976) 1377-1380

177ThoJ D.P.Thompson and L.J.Gaukler,'Further Study of the Be-Si-O-N
PolytpeOJ.Aer.Ceram.Soc.60 (1977) 470-471

(S03chi G.SchneiderL.J.Gaukler and G.Petzow,uPhase Equilibria in the
System AIM-Zia M-es 1% 0,J. Amer. Ceram. Soc. 63 (1980) 32-35

[85Vill P.Villars and L.D.Calvert,"Pearesons Handbook of Crystallographic
Data for Intermetallic Phases3 (Amer.Soc .Ket. ,Ketals Park,OH.,
1985)

(B6Mas] T.B.Kassalski (ed.),"Binary Alloy Phase Diagrams" (Amer.Soc.
Net. ,Metals Park,OH.,1986)

[S7VriJ H.A.Wriedt,"The Be-Si (Beryllium-Silicon) System",Bull.Alloy
Phase Diagr.S (1987) 136-139

Table 2.1: Solid phases in the system Be - Si - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

*-Be(r) hP2 a= 228.58 [B5VilJ;powder pattern:

T<1270 P68/mmc C= 358.43 AUTH file card 4 22-111

Mg (M3)
(7-90(h) c12 a= 255.15 [S5VilJ

T>1270 Inmm
V (M2)

-M%,() cl8o a= 815.0 (S5iljlpowder pattern:
T<1450r 284.1 AUTH file card # 4-786

I?-9e 33,(h) bib = 841 [85VIlJ;Powder Pattern:
T)1450 F6,/mmc cz 969.3 AMT file card # 12-649

3% pt



Tab. 2. 1 continued

S cF8 a= 542.86 [85Vil];powder pattern:

FdFm ASTK file card # 5-565

C (A4)
C-SjN 4  hP28 a= 781.8 [85Vill;powder pattern:

P31c c= 559.1 ASTh file card # 9-250
S%n,

-S ,N hPl4 a= 760.8 [85Vil];powder pattern:

P63/m c= 291.1 ASTK file card # 29-1132

SIONM 33-1160

*BeSi% oP16 a= 497.7 [85Vil];powder pattern:

Pna2, b= 574.7 ASTM file card # 20-167

MnSil c= 467.4

*BeSi% hP4 a= 286.9 [85VilJ;powder pattern:

P6,mc c= 466.8 ASTK file card # 38-1430

ZnS (B4)

*BeSit hR54 a= 286.2 [76Tho];powder pattern:
c= 6511 ASTK file card # 32-103

*Be tSlJ4 hR42 a= 286.0 (76Tho];powder pattern:

c= 5098 ASTK file card # 32-104

*B SitjN hP24 a= 286.0 [76Tho];powder pattern:

C= 2910 ASTK file card # 32-102

*B%3% lJ o  hR30 a= 285.7 [76Tho];powder pattern:
C= 3632 ASTM file card # 32-106

i 1NF bPl6 an 286.2 (76Tho];powder pattern:

cm 1922 AST file card # 32-105

'3.SbiN hR* am 286.1 [77Tho];powder pattern:

c 2152 AMTM file card # 33-196
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SYSTEM KAGHISIU1 - SILICOu - NITROGrN (Kg-Si-N)

IFRODUCTIOI / 3XPRINKWTAL

One ternary phase is reported to exist in the system kg-Si-N

[72Dav].The phase was synthesized from *q 1q (prepared using magne-

siuu (purity: 2N8; from Th.schuchardt,France) and desoxidized nitrogen)

and 8.%X4 (aO Sit containing 0.5 to 2 wt% free silicon; from

Th. Schuchardt,France).

91BNRY SYSTEMS

The phase diagram for Mg-Si is given in [86MasJ.No phase diagrams
are reported for Ng-N or Si-N. M9.Nz reportedly exists in three

950O*C 7881C

modifications a 17 -. r [65BllJ.Only the crystal structure

fora -Mq(N2 is reported (tab.3.1).The melting/dissoziation temperature

is 15206C 165311].SNN exists in two modifications: *-Si,t and

0-SiaN4 (tab.3.1).The solubility of nitrogen in silicon is very low

[76Froj.

SOLID PHASES / ISOTHERMAL SECTIONS

Only the section KgM.-S, N4 of the system Kg-Si-N was investigated.

At 12000C a ternary phase MgSitj (tab.3.1) was observed [72Dav].At

18000C MgN. dissolves 5 mol% Bi.N4 [8SUchi.

[65111 tR.P. lliott, "Constitution of Binary Alloys, First Supplement",
(NMraw fill,ew York,1965) p 592

[72Davj J.DariOatudy on N K and some of its Compounds ,Rev.Chis.
Niner.9 (1972) 7213

[76rroj X.1romm and 3.Gabhardt,Gae und Kohlenstoff In Metallen"
(Sprinoer,berlin, 1976)

[85Uch] N.UchidaM.Koizumi and X.Shimada,*Fabrication of Si N Ceramics
with Metal Nitride Additives by Isotatic Hot Premsinrgp,
J..mer.C r. .oc t (1965) C38-C40

(SSVII] P.Villars and L.D.Calvert, Pearson Handbook of Crystallographic
Date for Intermetallic Phases" (Amer. Soc .et. metals ParkOl.,
1965)

|8SasI T.N.Massalskl (*d.),"BInary Alloy Phase Diagrams" (AmerSoc.
Met. ,Metals Park,n. ,1986)
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Table 3.1: Solid phases in the system Mg - Si - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pe)

Mg hP2 a= 320.89 [85Vill;powder pattern:

P6 /mc c= 521.01 ASTh file card # 35-821

Mg (A3)

xqSi cF12 a= 633.8 (85Vill;powder pattern:
pa3 ASTM file card # 35-773

Car (Cl)
x-MgN2  ci80 a= 996.4 (85Vil];powder pattern:

T<550 Ia3 ASTh file card # 35-778

KlQ (D53 )

Si cF8 a= 542.86 [85Vil];powder pattern:

Fd3m ASTK file card # 5-565

C (A4)

-SUN4  hP28 a= 781.8 [85Vil];powder pattern:

P31c c= 559.1 ASTM file card # 9-250

S1UN4
t? -8V 4  hPl4 a= 760.8 [85Vil];powder pattern:

P6 2 /m c= 291.1 ASTH file card # 29-1132

SiaN4  33-1160
*MgSii oP16 a= 527.9 (85Vil];powder pattern:

Pna2A b= 647.6 ASTK file card # 25-530

NnSiJ cO 499.2



SYSTEM CALCIUM -SILICON -NITROGEN (Ca-Si-N)

INTRDUCTON / EXPERIMENTAL

Three ternary phases are reported to exist in the system Ca-Si-N
[66-lLaul, [66-2LauJ,[16SLau ].The specimen were synthesized from ON
(prepared from calcium (from Planet,rrance) purified by vacuum des-
stillation and desoxidized nitrogen) and Si,,n (0+o( Sis N,;from
Th. Schuchardt, France) by heat treatment under nitrogen at T5 2280B0C.

BINARY SYSTEMS

Phase diagrams for the systems Ca-Si and Ca-N are given in (B6Mas 1.
Additional phases (tab.4.19) are reported for both systems.No phase
diagram is reported for Si-N. Sim N4 exists in two modif ications:

and (- ..2 (tab.4.1).The solubility of nitrogen In silicon
is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

only the section Ca.R2 -S.N. of the system Ca-Si-N was investigated
[G6-lLauj,[66-2LauJ,(68LauJ.At 21800C the sequence of coexisting phases
is S1,1- CaSiN2 - CASiN,- CaSiN,- c%N2, [6SLauI. The crystal
structures of these phases were not determined (tab.4.1). At 10500C

(-C; dissolves 1 Sol % i814 K 66-2LauJ[6SLauJ.

REFERENCES
166-lLauj Y.Laurent and J.Lang,"On the Compounds of Silicon Nitride

with Calcium nitride".Compt.Rend.Acad.Sci.ParisC262 (1966)
103- 106

(66-2Lauj Y.Laurent and J.Lang,"study of the C%lt Rich ?bases In the
binary C% 1% -Si1 N4 0,Compt. Rand. Acad. Sci. Paris, C263 (1966)
340-343

[6SLauj Y.Laurent."Contribution to the study of the systems Calcium-
Nitrogen and Calcium-Silicon-Nitrogen, .Rev. Chia. Minor. 5 (1968)
1019-1050

[7eftoj 3.ftoi and z.Gebhardt,"aas* und Kohienstoff in Netalleno
(4pringer,Derlin, 1976)
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[SSVilJ P.Villars and L.D.Calvert,*Pearsons Handbook of crystallographic
Data for Intermetallic Phases" (Amer. Soc .Iet. ,Ketals Park,OH.,
1985)

[S6Kas] T.B.Nassalski (ed.),"Dinary Alloy Phase Diagrams" (Amer.Soc.
Met. ,Metals Park,OI. .1986)

Table 4. 1: Solid phases In the system Ca - Si - M

Phase /Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pE)

os-Ca(r) cF4 a= 558.84 [B5VilJ;powder pattern:

T<443 rass ASTK file card # 23-430

Cu (Al)

fl-Ca~h) c12 a= 448.0 (85Vill;powder pattern:

T>443 Imsm ASTK file card # 10-348

W (A2)

CjSi oPl2 a= 766.7 (SSVilJ;powder pattern:

Pnma. b= 479.9 AST4 file card # 28-235
CoaSi (C23) c= 900.2

C%Sis t132 a= 764 (B5VilJ note: not incl.

14/mcm cm 1462 in the phase diagram

Cu,5. (D8e)
Casi ocS am 454.5 [B5ViI;powder pattern:

~cc b= 1072.8 ASTK file card # 26-324

Cr5 (533) ca 389.0

CaS1I, hR6 a= 385.5 [S5VilJ;Powder pattern:
3 c= 3060 AST4 file card # 2-1276

CaSS1 (C12)

10



Tab.4.1 continued

CaN bR3 a= 363.8 (B5ilJ~powder pattern:

R3m c= 1878 ASIIE file card # 21-837

s MC9)

or: *** an 753.5 [6SLauJ

b- 363.8

e= 629.9

1?- 123.850

0-%2Cleo a= 1147.3 (85Vil];powder pattern:
1aS ASTK file card # 22-152

M%0O, (D5,)

r CZo*40 a= 1782 [85VilJ;Powder Pattern:

b= 1156 ASTK file card # 21-153

c= 358

C&'etP3S a= 1445 [85VilJ;povder pattern:

P4 2 lin c= 360 ASTE file card # 22-151

cam~ oF6 =112 VilJ;powder pattern:

Fddd b= 1107 ASTM file card # 21-832

c= 595

Si CF8 a= 542.86 [85VilI;powder pattern:

Mixr ASTK file card # 5-565

C (A4)
o-5j 1 KN hP28 a= 781.8 [85VilI;powder pattern:

P3lc c= 559.1 ASTE file card # 9-250

SiaN'
0 -Bkm.6 hPl4 a= 760.8 [85Vill;powder pattern:

P62/n C= 291.1 ASTN file card # 29-1132

8J1434 33-1160

*Cas1J% [68LauJ ;powder pattern:

ASTM file card # 20-230

*CaSikU, (68Lauj ;povder pattern:

ASTN file card # 21-162

!6SLauJ;powder pattern:

ASTK file card # 21-160



SYSTEM STRONTIUM -SILICON -NITROGEN (S-N)

INTRDUCION / EIPERIMENTAL

Twmo ternary phases are reported to exist in the system Sr-Si-N
[69Gau3.The samples were synthesized from Srj1; (prepared from

strontium purified by vacuum distillation and desoxidized nitrogen)
and 35.H. .o-~S2 N, from Th.Schuchardt,France) by heat treatment

under nitrogen at 9600C.

BINARY SYSTEMS

A phase 41agram for the system Sr-Si is given in [86MasJ.In

addition the phases Sr.Si and Sr5 :i are reported (tab.5.1).
No phase diagrams are reported for Sr-N or Si-N. In the Sr-H system
a phase ranging in composition fron. SrN0 5. to SM... as well as the
azide $rK, are structurally characterized (tab.5.1).r11 melts at
1030 0 C [65911].&VN. exists in two modifications:ca-Si 3 N4 and f?-SiN 4
(tab.5.1).The solubility of nitrogen in silicon is very low [76FroJ.

SOLID PHASES / ISOTHERMAL SECTIONS

Only the section SN,-S 3 N. of the system Sr-Si-N was investigated
[69GauJ.At 9606C the sequence of coexisting phases is S4II - SrSiN2 -

-sr.3iN 4 - 8%11, (69Gaul. The crystal structures of these phases
were not determined (tab.5.1I).

165E11j R.P.ElliottConstitution of Binary Alloys,First Supplement",
(McGraw HillNew York, 1965)

(69GauJ J.Gaude and J.Lang,"On the System Si N-Sr.N.0,Compt.Rend.
Acad.Sci.Paris C268 (1969) 1785-1788

[700aul J.Gaude and .7.Lang, "The System Strontium-Nitrogen",Rev.Chis.
Hiner.7 (1970) 1059-1067

(76r~rol Erem and E.Gobbardt,"Gane und Kohlenstoff In Metallen"
(Springer,n.rlin, 1976)

(SSVilj P.Villars and L.D.CalvertwPearsons Handbook of Crystallographic
Data for Intersetallic PhasesC(Amer.Soc.Met.,Metals Park,OH.,

(8SNasJ T.D.Massalski (ed.),"Dinary Alloy Phase Diagrams" (Amer.Soc.
Net.,Metals Park,oI. ,2986)
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Table 5.1: Solid phases in the system Sr -Si N i

Phase /Pearson Symbol/ Lattice Comments
Temperature Space group / Parameters

Range (*C) Prototype (pM)

*-Sr(r) cr4 a= 608.4 (B5VilJ;powder pattern:
T<547 7.3. ASTh file card # 15-305

Cu (Ali
ft-Sr(h) c12 a= 487 [S6HasI;powder pattern:
T>547 Ium3u ASTI4 file card # 15-288

W (A2)
S;S3i oP22 a= 811 [85Vi1J note: not. inc.

Pnma, b= 515 in the phase diagram;
CcSSI (C23) c= 954 powder pattern:

ASTM file card # 30-1303
S xSi13  t132 a= 805.5 [85VilJ note: not inc.

14cm c= 1568.8 in the phase diagram
sr. i.

SrSi oce a= 482.6 CB5ilJ~powder pattern:
Cucm b= 1128.7 ASTM file card # 16-8
CrB (B33) cz 404.2

SrSi2  cPl2 a= 654.0 [B5ilJlpowder pattern:
P4332 AST4 file card # 38-1366
SrSi.

SrNhR3 a= 724.6 [85Vi11;powder pattern:
Ru 30.80 ASTK file card # 27-855
an (C19)

or: ** a= 719 [7OGau]

b= 385

cm 665

0 = 1080

&a I
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Tab.5.1 continued

arm, oF56 a= 1180.88 [8SVill;powder pattern:

Fddd b= 1153.43 ABTK file card # 21-1466

c= 611.62

Si cp8 a= 542.86 [8Vill];powder pattern:

Fd3u ASTH file card # 5-565

C (A4)
a -S1N4  hP28 a= 781.8 [85Vil];powder pattern:

P31c c= 559.1 ASTK file card # 9-250

a J2 4
P-S1N 4  hP14 a= 760.8 [85Vili;powder pattern:

P6 3/u c= 291.1 ASTH file card # 29-1132

S13N4  33-1160

*SrSiul (69Gau] ;powder pattern:

,ASTM file card # 22-1438

*Sr SiN, (69Gau] ;powder pattern:

ASTM file card # 22-1439
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SYSTEM BARIUM -SILICON -NITROMN (Ba-Si-N)

INTRODUCTon / EXPERIMENTAL

one ternary phase Is reported to exist in the system Ba-Si-N
172GauJ(B84MorI.The samples wiere synthesized from BjN2 and Si.N.
by heat treating under nitrogen at 10000C [72GauJ or i5000C [S4MorJ.

BINARY SYSTEMS

For the system Ba-Si a phase diagram is given in [B6MasJ.Several

additional phases are reported to exist (tab.6.1) .No phase diagrams

are reported for Ba-N or Si-N.The nitride BaA3 and the azide BaN,,
are structurally characterized (tab.6.1).S11 N. exists in two
modifications: *-SiN 4 and (i-Si.N (tab.6.1).The solubility of
nitrogen in silicon is very low (76FroJ.

SOLID PHASES / ISOTHERMAL SECTIONS

The section BVI2 -S N. of the system Ba-Si-N was investigated
[72% auJ[84Xor).The only ternary phase observed is BaSiN. (tab.6.1).

REFERENCES

[72Gaul J.Gaude and J.Lang,"On the Preparation of Ba~tj and a Phase
of the Type BaSilj ",Compt. Rend. Acad. Sci. Paris C274 (1972)
521-523

[76FroI E.Fromm and E.Gebhardt,"Gase und Kohlenstoff in Metallen"
(Springer, Berlin, 1976)

[SiMor] P.E.D.Morgan,"X-Ray Powder Diffraction Pattern and Unit Cell
of BaSiV , J.Mater. Sci. Lett. 3 (1984)131-132

(85Vi1J P.Villars and L.D.Calvert,"Pearsons Handbook of Crystallographic
Data for Intermetallic Phases" (Amer. Soc .31t. ,Metals Park,OH.,
1985)

[S6Mas] T.B.Kassalski (ed.),*Binary Alloy Phase Diagrams" (Amer.Soc.
31t. ,Metals Parkan. .1986)
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Table 6. 1: solid phases in the system 3. -Si x

Phase /Pearson Symbol/ Lattice Comments
Temperature Space group I Parameters

Range (0C) Prototype (pm)

Ba, c12 am 501.3 [SSVilJ;powder pattern:
mm ASTM file card # 6-235

W (A2)
B4%Si oPl2 a= 843 C85Vill;povder pattern

Pnma ba 540 ASTK file card * 30-154
CcSi (C23) cc 988 note: not included in

the phase diagram
B%,Si 3  tP32 a= 843.6 [85VilJ;powder pattern:

P4/ncc cc 1653.5 ASTH file card # 27-187
Eq.Si3a note: not included in

the phase diagram
BaSi oca a= 504.2 [85VilI;powder pattern:

~cc b= 1197 ASTM file card # 19-135
CrE (B33) c= 414.2

B41514 tP28 a= 852 [85Vill note: not incl.
P42 /ana cc 1184 in the phase diagram
B41Si6

3aSj hP3 a= 439 [85VilI;
P6/m= cc 483
Al% (C32)

5a8j oP24 a= 892 [B5VilJ;powder pattern:
Puma ba 680 AST4 file card # 31-163
Bask2  cc 1158

3 ~~ hP' a- 522 (SSVL1I;powder pattern:
(B8)cc 550 ASTK file card # 27-39

Ban~ ml'14 am 959 [SSvilJ;powder pattern:
P2A/m bm 439 ASTN file card # 18-154

3alLcm 542

(m99.70
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Tab.6.1 cont.

si cYs a= 542.86 [SSVIl];powder pattern:

rd.n ABTh file card # 5-565

C (A4)
o-s8J 4  hP28 a= 781.8 (85V11];powder pattern:

P31c C= 559.1 AMUN fle card # 9-250

t,-s&VO hPl14 a= 760.8 [85Viii;powder pattern:

P62/m c= 291.1 AS1WT file card # 29-1132

SJS34  33-1160
*BaSA o** a= 559 (84Mor];powder pattern:

b= 754.2 ASTM file card # 36-1257

c= 1134.0

7
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SYSTM SCANDUM- SILICON- NITROGEN (Sc-Si-N)

Phase equilibria of Sc-Si-N at 8000C and 10006C were determined

by x-ray analysis 19O~ei]I.The alloys were prepared using powders of

SJUN 4 (mixture of at-al.It and 11-3i.K.,58 at% Si), silicon (purity:
33) both from Alpha Div. .Ventron Corp., USA and scandium (purity 4n;
from Rare Earth Products Ltd. ,UK) .Cold pressed mixtures of these

powders and/or of powders of master alloys made thereof were sealed

in evacuated quartz tubes lined with No foil and heat treated for
340h at SGOOC or 170h at 10000C.

BINARY SYSTEMS

The phase diagram for Sc-Si due to [B6Gok] is reproduced in (76Mof 1.
The intermediate phases are described in tab.7.l.The decomposition of

the phase ScSi2 _ (Sc. S%) into ScSi + Si is observed at temperatures
below 20009C [B73chJ.No phase diagrams are reported for Sc-N or Si-N.

At normal pressure 5cR is the only stable scandium nitride [72KieJ.
Si1N. exists in two modif ications:ot-Si. N. and 17-Si N4  (tab.7.1).The

solubility of nitrogen in silicon is very low (76Fro).

SOLID PlEASES / ISOTHERMAL SECTIONS

No ternary phase exists in the system Sc-Si-N (tab.7.1).ScN
dominates the isothermal section at 8000C (f ig.7.1 [9OWei]): it

coexists with all phases stable at this temperature.At 10000C

(fig.7.2 (9oeij) ScN coexists with all three binary scandium
silicides but not with silicon.Thus, SJN 4. in contact with scandium
is decomposed at elevated temperatures.



721e)R.Rieffere.8~ttmayer and S.Pajakoffwon the 1ponitrides and
[7Ziejan Nitrogen Rich nitrides of the Rare Earth, D'CoUE * .onatsh.

gm=-j9j (1972) 25-1298
[76Fro] E.Pra =nd 1.0ardt.Gase uind Kohienstoff In Netallens

[76Nof) I .Ioffatt . 'be Hanook of Binary Phase Diagrams' .(General
Electric Camp.,. Schenectady, Y". 1976 and updates)

[a5VII] P.Villars and L.D.Calvert.'?earsons Handbook of Crystallographic
Data for Intermetallic Phas~s* (Aaer.Soc .Iet. ,Ketals Park~ff.,

(C60okj A.B.Gokhale and G.i.Ahbauchian' 'he Sc-Si (Scandiu.-Nitrogen)
Syste3',BUll. Alloy Phase Diagr.2 (1986) 333-336

[6Kas] T.B.Kassalski (ed.),*Binary Alloy Phase Diagrams" (Aaer.Soc.
Net.,Metals ParkO. .1986)

[87Sch] J.C.Schuster in "Boron Nitride and Silicon Nitride Systems",
Report to the USA European Research Office under Contract
DAJA45-84-C-0038 (1987)

(9OWeiI] F.Veitzer,J.C. Schuster, J.Bauer and D.Jounel, "Phase Equilibria
in Ternary RE-Si-N Systems (RE= Sc,Ce,Ho)",J.Mater.Sci..25
(1990)
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Table 7.1: Solid phases In the system Sce Si -

Phase /Pearson, Symbol/ Lattice Comments

Teimperature Space group / arwters

Range (OC I Prototype (PE)

cs-Sc(r) hP2 a= 330.8 (O5Vi1J;powder pattern:

T<2337 P6, Imc c= 526.7 ASTK file card # 17-714

Ng (R3)
I3-Sc(h) c12 a= 454.1 [S6KasJ

T>1337 I~

V (A2)

setsis hPl6 an 786.1 [S5VilJ;powder pattern:

P63/scu c= 581.2 AST4 file card #15-189

KzSia (D%)
SCSI ocs a= 398.8 [B5VilJ;powder pattern:

Cca b= 988.2 AST4 file card # 18-1162

Cr3 (833) c= 365.9

ScSi2,X hP3 a= 366 [B5Vil];powder pattern:

(595it!) P6/smm c= 387 ASTK file card # 17-93

T>800 AlUj (C32)

SCM CFO a= 450.5 [85VilI;powder pattern:

Fm3. AST4 file card # 3-951,

NaCl (B1) 31-1493,35-753

Si cps a= 542.86 (85VilJ;powder pattern:

rd~rm ASTK file card # 5-565

C (M4)
O-SJ V4 hP2S a= 781.8 (S5VilJ;powder pattern:

P3lc c= 559.1 ASTM file card # 9-250

SI',"'
$IMi' hPl4 a= 760.8 [85VilJ;powder pattern:

P62/0n c= 291.1 ASTK file card # 29-1132

8164 33-1160
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at SOGOC (in the absence of external nitrogen pressure)

so

S Si3 N4

ScN

/ 0
20

Si 20 40 SCSi SC5Si3  80 SC
-~ at %. SC
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* Fig.7.2: Xsotherval section observed in the system Sc -Si -N

at 20000C (in the absence of external nitrogen pressure)

S~ i3 N4

4- ScN

/ 0 0

20
00 0

Si 20 SCSi 2..x SCSi SC5Si3 s0 SC
(it %1 Sc
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SSTEMN TWTRIUK SILICON- NITROGEN (Y-Si-E)

INTRODUCTION IEPRNNA

Three ternary phases are reported to exist at 17000C In the systen
1-Si-i (B6jacJ.No exeperimental details are given.

DI WAR STSTMKS

The phase diagram for T-Si is given In [S6Kas I and was thermo-
dynamically modelled by [S9Ran]I. The intermediate phases are described
In tab.8.1. A tentative phase diagram for Y-N was proposed by [74CarJ
and is reproduced in (76Nof]".No phase diagram is reported for 4-i-N.

5N4 exists in two modifications:*-SiN 4 and iP-SI.N. (tab.B.1).The
solubility of nitrogen in silicon is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

only the section YN-SV,3 of the system Y-Si-N was investigated
[S5UchJ(S6JacJ.At 17000C the sequence of coexisting phases is Si ZN 1-

- TSJ&Ns- 5i 1N- Y4 SJ1N10 - TN [S6Jaci.The crystal structures of
these phases were not reported.S 1 N 4 dissolves 3 Rol% YN at 16500C
and 5 .ol% TN at 18000C [BSUchJ.Usinq the thermochemical data given
In tab.B.2 an Isothermal section for 10000C is calculated (fig.8.1)
showing, that S1 N. does not coexist with yttrium at high temperatures.

23



[74Car] O.N.Carlson.R.R.Lichtemberg and J.C.Warner,"Solid Solubilities
of Orzgen,Carbon and nitrogen in Yttrium",J.Less Common Metals
3J!L (19749 275-284

[76Mof] W .MoffattwThe Handbook of Binary Phase Diagramsw,(General
Electric Coop., Schenectady,NMY,1976 and updates)

[76Frol Z.Vrom and B.Gebbardt,soase und Kohienstoff in Metallen"
(Springer ,Nerlin, 1976)

[7BFro] E.rroumH.Jehn and G.H~rz,*Gases and Carbon in Ketalsw,ZAED,
Physics Data 5-3 (1978) pp2

(SSUch] N.Uchida,M.Koizumi and M.Shimada,"Fabrication of Si N Ceramics
with Metal Nitride Additives by Isostatic Hot Pressing",
J. Amer. Ceram. Soc. ft (1985) C38-C40

[8SVilJ P.Villars and L.D.Calvert,"Pearsons Handbook of Crystallographic
Data for Intermetallic Phases" (Amer. Soc .Met. ,Metals Park,OH.,
1985)

(86JacJ K.H. Jack Sialons: A, Study in Materials Development",in
"Non Oxide Technical and Engineering Ceramics",S.Hampshire
(ed. ) (lsevIer,London,UK,I986) 1-30

*[S6MasJ T.3.Massaluki (ed.),"Binary Alloy Phase Diagrams" (Aaer.Soc.
Met. ,Metals ParkOH. ,1986)

t8[9RanJ Q.Ran,H.L.Lukas,G.Zffenberg and G.Petzow,"A Thermodynamic
Assessment of the Y-Si System",Z.IMetalk.80 (1989) 402-405
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Table 8.1: Solid phases in the system y Si n

Phase / Pearson Symbol/ Lattice Comments

Temperature space group / Parameters

Range (oC) Prototype (pm)

*-T(r) hP2 a= 365 09 [SVill];powder pattern:

T<1478 p6a/mmc c= 573.88 ASM file card # 33-1458

Ng (A3)

/-Y (h) ci2 c= (407) [86Nas]

T>1478 Zm3m

w (W2)

Via hP16 a= 840.3 (85Vil];powder pattern:

P6,/mcm c= 630.3 ASTH file card # 24-1026

3USis (D%)

To oP36 a= 739 [85Vil]

Pna b= 1452

SuGe4  c= 764

YSi oC8 a= 425.1 [85Vil];powder pattern:

Cwcu b= 1052.6 ASTM file card # 12-620

CrB (B33) c= 382.6

ysK. x  hP3 a= 384.2 [85VilJ;powder pattern:

(ast) P6/mmm c= 414.0 ASTH file card # 11-596

A182 (C32)

Tel,(r) o112 a= 405 [85Vil];powder pattern:

T<1250 Inma b= 395 ASMH file card # 11-324

GdS c= 1322

TSi2(h) t112 a= 404 [85Vil]

(TaSi) 4/and c= 1342

T>1250 ThS (C')

rN cYS a= 488.9 [8SVil];powder pattern:

iml~u ASTH file card # 10-221

NaC (31) 35-779

Si cr8 a= 542.86 (5Vil];powder pattern:

1415. AST file card # 5-565

C (A4)
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4

Tab.8.1 continued

a-SION hP28 a= 781.8 [85Vil];powder pattern:

P31c c= 559.1 ASTK file card # 9-250

/I-S bN4 hP14 a= 760.8 [85Vil];powder pattern:

P63/m c= 291.1 ASTM file card # 29-1132

SlIM 4  33-1160
*Ydsta lio  (86Jac]

*YSJS [86Jac J

Tab.8.2:Thermodynamic data for the solid phases in Y - Si - N

phase AGO (/gramatou) Coment

.1429 8lSI'. -124602 + 57.95 T [76Fro]

.3333 YSk -38921 + 2.500 T [89Ran]

.1250 T Si -44430 + 4.0 T [89Ran]

.5000 YSi -61920 + 10.665 T [89Ran]

.1111 tVi4  -65150 + 12.60 T L89Ran]

.1250 tSis -60000 + 11.187 T [89Ran]

.5000 YN -149490 + 41.72 T (289 1134K) [7FroJ

-152415 + 44.32 T (1134-1193K) [78Fro]

-154515 + 46.105 T (1193-2273K) [78Fro]
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rig.S.1: Isothermal section calculated for the system T 81i N
at I0000C (ignoring the possible existence of ternary phases)

N

s0

60

otY
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SYSTNM LNMIYHANK - SILICON - NIYROGUN (La-Si-N)

ITROUCTOU/ ZXPERXMNTfAL

One ternary phase In reported in the systen La-Si-N [SO~noJ[8lHolJ.

In the latter wtork samples were prepared by hot pressing from LaN and
Sis I& at 28000C.

BINARY SYSTEM

no phase diagrams are reported for any of the binary boundary
systems.Six intermediate lanthanum sulicides are known (tab.9.1).
The phase LaN is under normal pressure the only stable lanthanum
nitride [72KieJ.SI.N4 exists in two modifications:a-SiN and P-Si.tt
(tab.9.1).The solubility of nitrogen in silicon is very low [767ro].

SOLID PHASES / ISOTHERMAL SECTIONS

The ternary phase LaS1 ,% [801noJ(BlholJJ is described in tab.9.1.

REFERENCES

[72Kiel R.KiefferP.Ettmayer and S.Pajakoff,"On the I4nonitrides and
on Nitrogen Rich Nitrides of the Rare Earth,1 -Com.",Monatsh.
Chem.0 (1972) 1285-1298

[76FroJ E.Fr onm and 3.Gebhardt,"Gase und Kohlenstoff in Metallen"
(SpringerBerlin, 1976)

[SO1no] Z.XnoueMN.Nitomo and N.Ii,"A Crystallographic Study of a New
Compound of Lanthanum Silicon Nitride Lasib %, ",J.Mater. Sci.
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Table 9.1: Solid phases in the system La - Si - N

Phase Pear= Symbol/ Lattice -Coments

Temperature space group / Parameters

Range (oC) Prototype (pm)

a-La(r) hP4 a= 377 [85VilJ;powder pattern:

T<310 P6,/mc c= 1215.9 ASTK file card # 2-618

La (A31)
fl-La(h) cr4 a= 529.1 (a5Vil];powder pattern:
310<T<865 FE3. ASTI file card # 2-607

Cu (Al)
r-La(h) c12 a= 426 (85Vil]

T.865 1.3a

V (A2)
LaSis t132 a= 795.3 [85Vil];powder pattern:

14/sca c= 1404 ASTK file card # 20-555

Cr.B, (D8L)
LBSi tPlO a= 787 [85Vil];powder pattern:

P4/mb. c= 450 AST file card # 19-660

VaSi (D5,)
L%814  tP36 a= 804 [85Vil]

P41 21 2 b= 1543

z ,si
Lali oPS a= 838 [85Vil];powder pattern:

Puna b= 399 A8TH file card # 19-661

FeB (B27) cm 602

LaSi6(r) o112 a= 427.0 [85Vil];powder pattern:

Isma b= 417.0 ASTH file card # 20-553

Gd,, cz 1405
LaSJ (h) t112 an 432.2 (S5Vil];powder pattern:

X41/ad cc 1386 ATI file card # 6-471

Th8AJ (C)
Law c8 an 530.5 [SSVIl;powder pattern:

V.5. ASTH file card # 15-892

M ac (1)1
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?ab.9.1 continued

8i CFO a= 542.86 [SSVI;powftr pattern:
Mrsa AUTH file card # 5-565
C (M4)

a-jbfl hP2B a= 781.8 [S5VilJ;powder pattern:
P3lc cm 559.1 ABTh file card # 9-250

0 -I' 4  hP14 a= 760.8 [S5VilJ;poeder pattern:
P63/u cm 291.1 AMT file card # 29-1132

SJOH433-1160
*LS , oP36 a= 783.8 185Vil1;powder pattern:

P2, 21b= 1123.6 given in [SO1no]
LaSi:K. c= 480.7
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SYSTM CRINE SILICONI MITROGN (Ce-Si-K)

IIWRO TWO

Mose equilibria of Co-SF-K at 10000C were determined by x-ray

-analysis 19OweiJ .The alloys were prepared using powders of

Ma, (mixture of *-Si,t% and ISiSSat% Si), silicon (purity:

3N) both from Alpha Div.,Ventron Corp., USA and cerium (purity 3H;

from Rare Earth Products Ltd.,tM3) .Cold pressed mixtures of these

powders and/or of powders of master alloys made thereof were sealed

In evacuated quartz tubes lined with No foil and heat treated for

240h at lOOG0C.

anaIRT SYSTEMS

The phase diagram for Ce-Si (fig.1O.1) was assessed in [89munJ.

The intermediate phases are described in tab.1O.1. A tentative phase

diagram for Ce-K is given in [B6KasJ.No phase diagram is reported

for Si-N. S19U4 exists in two modifications:Q-Si N and #?-Si3N,
(tab.1O.1).The solubility of nitrogen in silicon is very low (76FroJ.

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase exists in the system Ce-Si-N (tab.1O.1).The
isothermal section at 10000C (f ig.1O.2 (96WeiJ) shows CeM to

coexist with all six binary cerium sulicide, as well as silicon

nitride but not with silicon.Thus, Bim. In contact with cerium is
decomposed at elevated temperatures.
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table 10.12: solid phases in the system Cm 81i

Phase/ Pearson Smol/ Lattice Coments
Temperature Space grop Parameters

Range (*C) Prototype (9m)

II-Ce(r) bP4 an 368.10 eS5VilJ

Tc61 P68 /me cm 1185.7

La (A3')
S--Ce(h) C14 an 515.58 (85V11J;powder pattern:

62<T<726 TMm AMUh file card # 8-56

Cu (Al)
6-Ce(h) c12 a= 412.0 [8614asJ

T>726 in~

V (A2)
* i~it132 a= 789 [B5VilJ;powder pattern:

14/mcm c= 1377 AST file card # 19-297

Cr.B. (D8L)

C%8i2  tFlO a= 779 [B5VilJ

P4fmbu c= 436

'1~i2 (D5,)
C%31i4  tP36 a= 793 [Ssvil]

P4 2 2 ba 1504

coai OPS an 830.2 [OS5ViI;powder pattern:
Puna b- 396.2 AMT file card # 18-320
reD (527) ca 596.4

Cesi2 - o112 an 416.8 (S2TauJ
(Cosi 5 bm 409.8

Gala cm 1381.5
CeSSk t112 an 418.4 [SSVil];powder pattern:

XI/md cm 1385.6 AMT file card # 6-48S

caM an' an 502.45 [SSV111;powder pattern:
adsm ASIN file card # 15-882

33



2%,b.10.2 continued

ei c8 an 542.8 [SSVIll;POwor pattern:
rd~AM file card # 5-565
C (A)

-SJN 4  hP28 a- 781.8 [S5VlL];powder pattern:

P31c C= 559.1 ASMD file Card # 9-250

,-SlJ34 hP14 a- 760.8 [S5VilJ;powder pattern:
P68/m c= 291.1 AST file card # 29-1132

33-1160
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Fiq~l.1: Pase di egrom for the boundary system cerium -silicon

-~w %/ C.
Si 30 50 6070 80 90 98 Ce

2100

1500 -

12000

9000

600 65

300

Si 20 40 60 80 Ce
Sat -is I..

35



Fig. 10.2: lSOther3Sl Section observed In the system Ce - 8i-

at ioooOC (in the absence of external nitrogen pressure)
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SYSTEM SAMARIUJM SILICON -NITROGEN (Sm-Si-N)

DITRODUCYIK EXPERIMENTAL

The ternary phase 9% Si4N11 is reported [B3Gau I. The sample was

synthesized from sN (prepared by reacting samarium with nitrogen)

and 9S1N4 (os4j Si1,from E.MerckFRG) by heat treatment at 22006C

under nitrogen.

DINARY SYSTEMS

The phase diagram for the binary Sm-Si (f ig.11.1) assessed by

[SBGokJ.The intermediate phases are described in tab.11.1.No phase

diagrams ares reported for Sm-N or Si-N. SaN is the only samarium

nitride reported [72KieJ.S1 N4 exists in two modifications: a-Si.KN
and ?-slhN4 (tab.11.1).The solubility of nitrogen in silicon is very

low [76FroJ.

SOLID PHASES / ISOTHERMAL SECTIONS

The ternary phase SNSiAt1 is described in tab.11.1.
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Table 11.1: Solid phases in the system Sm -Si - m

Phase IPear~son SYinbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (m

o'-fm(r) hR3 a- 899.6 [B5VilJ;Powder pattern:

T<734 O~m O= 23.220 ASTK file card # 6-419

Sm (C19)

fl-Sm~h) hP4 a= 361.99 (86MasJ;powder pattern

T>734 P6/mC c= 1168.0 ASTI4 file card # 37-1446

La (A31)

S,%Si 3  hPl6 a= 856 [BSVilJ

P6./Ecm c= 645

NqSiq (DOS)

SUSi4~ oP36 a= 757 (85VilJ
Pima b= 1488

S~rGe, c= 778

SmSi ope a= 805.5 (B5vilJ

Puma b= 388.8

FeB (B27) c= 580.4

SmSi2-, hP3 a= 390.3 [B5Vil]

(2%Si5) P6/mum c= 420.7

AlE2 (C32)

fSuki tI12 a= 408 [S5Vil]

(BSia) I41/and c= 1351

ThSi 2 (ce)

SON cps a= 503.9 (S5VilJ;powder pattern:

Fdm ASTK file card # 30-1104

MaCi (B2)

Si cr8 a= 542.86 [S5ilJ~powder pattern:

Fpdfa ASTE file card # 5-565

C (M4)
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Tab.11.1 continued

c'SiNh228 a= 781.8 [BSVilJ;powder pattern:

P32c c= 559.1 ASTE file card # 9-250

Si".'
I? -SkIN46 hP14 a= 760.8 [B5VilJ;powder pattern:

P69 /m c= 291.1 ASTM file card # 29-1132

sibNj 33-1160

t*a= 999.31 (B3Gau];powder pattern:
c= 483.61 ASTE file card # 38-1291
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Flg.11.1: Phase diagram for the boundary system samarium silLicon
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STSTEM HOLKIUM - SILICON NITROGEN (Ho-Si-N)

TRODIJCTO / EXPERIMENTAL

Phase equilibria of Ho-Si-N at 2000oC were determined by x-ray

analysis [90Wei].The alloys were prepared using powders of Si, 4

(mixture of -at N4 and ,-,,58 at% Si), silicon (purity: 3N) and

holmium (purity 3H) all from Alpha Div.. Ventron Corp. ,USA. Cold

pressed mixtures of these powders and/or of powders of master alloys

made thereof were sealed in evacuated quartz tubes lined with No

foil and heat treated for 1000h atl1000oC.

BINARY SYSTEMS

A phase diagram for the system Ho-Si (fig.12.1) is presented in

[90Wei].The intermediate phases are described in tab.12.1.No phase

diagrams are reported for Ho-N or Si-N.Under normal pressure HoN is
the only stable holmium nitride [72Kiej.S N4 exists in two

modifications: a-SJN, and (-Si.N (tab.12.1).The solubility of
nitrogen in silicon is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase exists in the system Ho-Si-N (tab.12.1).The

isothermal section at 10000C (fig.12.2 [90WeiJ) shows HoN to

coexist with all binary cerium silicides exept HoSk.Si.N. coexists

with HoN,HoS,_, and HoSi,.Thus silicon nitride in contact with

holmium is decomposed at elevated temperatures.The lattice parameters

of HqoSi, In equilibrium with HoN increase relative to the value of

the binary phase to a= 834.07pm and c= 645.35pm indicating extended

solubility for nitrogen in this phase (fig.12.3).None of the other

binary phases shows signs of solubiliy for the respective third

component.
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Table 12.1: Solid phases in the system Ho - Si - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space group I Parameters

Range (OC) Prototype (pm)

HO hP2 a= 357.73 [S5VilJ;powder pattern:

P6 /Muc cc 561.58 ASTE file card # 2-910

Kg WA)

H%Siv hPl6 a= 834 [85VilI;powder pattern:

P6,/Ecu cc 622 ASTM file card # 26-748

K%813 (DOO)
HQS14  OP36 a= 733.8 [85VilI

Puma b= 1444.9

SGe. cc 762.5

HoSi(r) oce a= 422.8 [85Vil];powder pattern:

cINc. b= 1042.9 AS7h file card # 19-561

Cr3 (333) cc 380.1

HoSi(h) opS a= 780.8 (B5Vill;powder pattern:

Puma b= 380.1 AST4 file card # 19-562

7.8 (B27) cc 563.3
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Tab. 12.1 continued

uoS1_ hP3 a= 381.6 [85VilJ;powder pattern:

(H6) P6/m c= 410.7 Asm file card # 19-560
A1B2 (C32)

Hosia o112 am 399 [85Vill;powder pattern:

IDma b= 394 ASTK file card # 13-381

GdSjj c 1330

RON cF a= 487.7 [85Vill;powder pattern:

ras. ASTN file card # 15-889

HaCl (B1)

si cF8 a= 542.86 [85Vil];powder pattern:

Fd3m ASTH file card # 5-565

C (A4)

O-SiJN 4  hP28 a= 781.8 [85Vil];powder pattern:

P31c c= 559.1 ASTM file card # 9-250

S1JN 4

I?-SJvN, hP14 a= 760.8 [85Vill;powder pattern:

P63/m c= 291.1 ASTH file card # 29-1132

8 N4 33-1160
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rig.12.1: Phase diagram for the boundary system holmium s ilicon
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Fig. 12.2: Isothermal section observed for the system No - i -N

at 10006C (in the absence of external nitrogen pressure)
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rig.12.3: Tb. bamogaaity Meiena of H~Sio.II at 10006C
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STE TANIM SILICO NITRO=N (TI-S1-N)

The isothermal section of TI-Si-N at 10006C were calculated from
thermodynamic data [84Beyj and are determined by x-ray analysis
[S5Sch].The alloys Investigated in the latter work were prepared
using powders of SkM, (mixture of *-Si, and -Si,58 at Si),
silicon (purity: 3N), titanium (purity: 2M, impurities in ppm: Ca
4000, Al 3500, Fe 1000, C 150, Si 30, other 30) and titanium nitride
(purity 2N) all from Alpha Div. ,Ventron Corp. ,USA. Cold pressed
mixtures of these powders and/or of powders of master alloys made
thereof were either sealed in evacuated quartz tubes lined with Mo
foil and heat treated for 550h at 1000oC or annealed at 13000C ,48h
in a r.f.furnace under argon (purity:5N+).

BINARY SYSTEMS

The phase diagram for the binary system Ti-Si given in [86Mas]
shows the occurrence of four intermediate phases.However, the phase
TiSk exists in two modifications (tab.13.1) as found by [69Nic].
The phase TJShi is possibly impurity stabilized [89PaJ][89Kiv].The
Ti-Si system was thermodynamically modelled by [89Paj] as well as by
(S9Vah].The phase diagram of Ti-N given in [S6Mas] needs to be updated

(fig. 13.1 t9OLen)) to account for the newly discovered phases v -TkNa_.
[86-1Len] and -T 4 N,_, (86-2LenJ.No phase diagram is reported for
Si-N. S1,K exists in two modifications: *-SiN and 19-8iN (tab.13.1).
The solubility of nitrogen In 

silicon is very low [76Fro].

SOLID PASES / ISOTHERMAL SECTIONS

* No ternary phase exists in Ti-Si-N (tab.13.1).The isothermal
*section at 1000OC experimentally observed (fig.13.2 [85Sch]) shows

Tii. to be in equillbrium with SINiTi8i and T1 8i which
dissolves considerable amounts of nitrogen as is indicated by the

increase of the lattice parameters relative to the values of the
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binary compound (fig. 13.3). '1 lq_ coexists furthermore with
Q-TU~ntaaing20 at% nitrogen in solid solution) and thus cuts of f

any phase fields containing -c -TibE (fig. 13.4) .Anualogously, the tie
ine between Ti8J1 and Ti, 5SJ, (containing *4 at% nitrogen in solid
solution) *conf Ines the occurrence of the phase Tizi and Tie Sig to
compositions close to the binary Ti-8i.zxept for TiL, ,Ibattice
parameters of neither titanium silicide coexisting with SibN4 or
TiI1-. are altered with respect to the values of the pure binary
alloys8 Indicating virtual insolubility of nitrogen in these titanium
silicides 'these results are In perfect agreement with experimental data
on the reaction of UiN. with titanium at 5000C < T < 22000C [70Bor],
[83rei.[85KagJ.((S6Mor,[s6sugJ,(s7Bar],[9Oz~esJ; the reaction of
titanium silicides with nitrogen (56Bre) ,(56Kie) ,56ow ,(697it I,
[S9JosJ,[9ODes]; the reaction of TiN1L_ with silicon [B4KabJ and the
compatibility of Till In contact with *iN (S8omJ.[S2HayJ([82Hir],
(esUchl or with TiS1[73Cha1],[B3Nor], [sAda ],(s6Tin ].Using the
thermodynamic data in tab.13.2 the phase equilibria at 10000C can be
calculated.At variance with [84Beyl,but in agreement with [76Kri] the
tie lines resulting for 10000C confirm the experimentally observed
isothermal section (figs. 13.2) .There is no pressure or temperature
range where Si8 N. coexists in equilibrium with titanium.
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Table 13.1: Solid phases in the *Sstem Ti -Si -N

Phase /Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (im)

co-Ti(r) hP2 am 295.08 [BSVilJDpowder pattern:
T<882 P6,/inc cc 468.55 ASTI4 file card # 5-682

Kg (A3)
0-Ti(h) c12 a= 330.65 1BSVilJ;

T>882 Im3m

V (M2)

TlhSi tP32 am 1019.6 (85Vill;possibly
T<1170 P4 2 /n C= 509.7 impurity stabilized

TJ..is hPl6 a= 742.9 [85VilJ;powder pattern:

P6 2/mcm c= 513.92 ASTM file card # 29-1362
MqkSig (DSO)

TJ I, (r) tP36 a= 670.2 (85Vi1J;powder pattern:
P41 2 2 c= 1217.4 ASTh file card # 27-907

Z2 SiL4
Tiss 4(h) oP* a= 664.5 [69NicJ;powder pattern:

Pbnm b= 650.6 AST4 file card # 23-1079

C= 1269.0

TiBi oPS an 654.4 [85VilI;powder pattern:
Puma b= 363.8 ASTM file card # 17-424
FeB (B27) cm 499.7

TiSJ oF24 a= 826.71 [85VilJ;powder pattern:
Fddd b= 480.00 ASTN file card # 2-1120
TiSk (C54) c= 855.05 35-785

x-T1 Nwr tP6 a= 494.28 [B5VilI;powder pattern:
T<1080 P4 / mnm cc 303.57 AST4 file card # 17-386

T102 31-33 at% N [B7Lenj
i)-TyS &_.(h) hR6 a= 297.95 [86-iLen];

1066<T<2103 On5 cc 2896.5 gives powder pattern

AgCrSe, 29 at% N [86-ILen]
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Tab.13.1 continued

C -TIN,_ (h ) hR8 a= 298.09 (86-2LenJ;

1078<T<1291 R3m c= 2166.42 gives powder pattern

TS 12  31.5 at% N (86-2Len]
6JTiN, (r) t126 a= 414.0 [85Vil;powder pattern:

T<800 14 /and c= 880.5 ASTK file card # 23-1455

(metastable) 38 at% N (87Len]

TiN,. cFS a= 423.9 [85Vil];powder pattern:

Fa3m ASTM file card # 38-1420

NaCl (B2)

Si cF8 a= 542.86 [85Vili;powder pattern:

Fd3m ASTW file card # 5-565

C (M)
-SsN hP28 a= 781.8 [85Vil];powder pattern:

P3lc c= 559.1 ASTM file card # 9-250

-SJN 4  hPl4 a= 760.8 [85Vil];powder pattern:
P62/m c= 291.1 ASTM file card # 29-1132

SlN 4  33-1160

Tab.13.2:Thermodynamic data for the solid phases in Ti - Si - N

phase AGI (J/gramatom) Comment

.1429 SiiN4 -124602 + 57.95 T [76FroJ

.3333 TiSt -56967 + 2.23725 T [89Vah]

.5000 TiSi -68000 - 0.04119 T L89Vah]

.5000 T, Si4  -71000 - 0.79164 T [89Vah]

.1250 T1a3in -72409.5 - 0.31694 T [89Vah]

.2500 TbSi -66565.2 + 11.5143 T [89Vah]

.5000 TI -167883 + 46.4424 T (250C<T<882oc) [76Fro]

-169138.2 + 47.4884 T (882OC<T<12000C) (76Fro]
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F19.13.1: Phase diagram of the boundary system titanium -nitrogen
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rig.13.2: Isothermal section observed in the system Ti - Si - N
at 10000C (in the absence of external nitrogen pressure)
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Fig.13.3: Lattice parametersc/a ratios and unit cell volumes of the

DS.-type TIe, SJ%_3 phase fleld homogeneity limits at lOOOC
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Fig.13.4: Detail of the phase field partition at lOOO6C In Ti-si-N
close to the binary Ti-N (schematic)
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SYSTEM ZIRCONIUn SILICON NITROGEN (Zr-a-N)

ITRODUCTIO/ Z A

Phase equilibria of Zr-Si-N at 10006C and 13000C were determined

by x-ray analysis [85-lschl.The alloys were prepared using powders of

S;,t (mixture of *-Sir, and P-SIltjN,58 at% Si), silicon (purity:

3N),zirconium (purity: m3n) all from Alpha Div.,Ventron Corp.,

USA and zirconium nitride (purity 2n; from Materials Research Corp.,

USA. Cold pressed mixtures of these powders and/or of powders of

master alloys made thereof were either sealed in evacuated quartz

tubes lined with Mo foil and heat treated for 400h at 10000C or

annealed at 1300 0C,48h in a r.f.furnace under argon (purity:5N+).

BINARY SYSTEMS

The phase diagram for the binary system Zr-si given in [86Mas] is

a reproduction of (76Kub] which is based on [53Lun].In the more recent

experimental investigation by [76Koc],which is reproduced in [76Mof],

the phase ZrSi, is found to decompose below 1745 0C into ZraS and

Z;si.Furthermore,the composition of the intermediate phase most rich

in zirconium is corrected from ZrSi to Zr Si.Using high purity

materials (Zr barpurity: 3M, Impurities in ppm: 0 450, H 260, C<200,

Rf<200, Cr 60, Al 52, Si 45, other<30, from Cezus Puk UglneFrance;

81 ingot,purity: 6K, from Alpha Div.,Ventron Corp.,USA) the decompo-

sition of ZrSi, formed upon melting was corroborated [85-28chJ but

the occurrence of a zirconium silicide more rich in Zr than Zr Si

could not be confirmed.Thus it is likely,that the phase ZrSi is

Impurity stabilized like the analogous phase in the Ti-Si system

[S9PajJ,[9Kiv].It was noted furthermore [85-28ch],that Zr$i(h)

having Crs type structure transforms only in Si rich ZrSi alloys

into ZrSi(r) having FeB type structure, but not in Zr rich ZrSi alloys

where it exists at 20000c even after annealing for 550h.The phase

diagram of Zr-N in given In [S6Mas].Ko phase diagram is reported for

Si-N. 53N4 exists in two nodifications:-81,. and n-SiN (tab.14.1).

The solubility of nitrogen in silicon is very low [76rro].
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SOLID PHASES X902OYHRL SNCITONS

No ternary phase exists in Zr-li-N (tab. 14.1) ,but Zr,S1,(hM is
stabilized by nitrogen to lover teuperatures.Two experimentally
determined isothermal sections are reported [S5Sch): At 10000C
as well as 23004C (figs.14.1 and 14.2 r~sp.).Zr;AJ6N,_, coexists
at both temperatures with Zh1iXZr si.Zsri ZrSI, and ZrSi (Cr3).-
Relative to the binary compound (tab.14.2) the lattice parameters
are Increased to an 709.22 pm. ca S64.77 pm (coex. with ZrN,_,)
At 10000C Siang coexist With IrmL X,ZrSi 2z and IrSI (FOB); at 13006C
no tie line exists between B8i, and ZrSi.These data confirm earlier
reports on the Interaction of SSaN,. Zr 156-l9reJ[76XriJ Si + ZrNK
[66YasJ,Zr Si,. + ZrN1 ... (fig.14.3 [S6NowJ) as well as on the
coexistence of S1 94 + ZrK 1 ;x IBSUchI.Vith the exception of the above
mentioned phase ZrSi,11-, in ternary alloys lattice parameters of
neither binary zirconium silicide,S1aN. or ZrN1 - are altered with
respect to the values of the pure binary alloys indicating virtual
insolubility of the resp.third component.

The thermodynamic data for zirconium silicides in tab.14.2 are
taken from (56-23rel (cited in part by [82KurJ) who critically
reviewed and supplemented the measurements by t55Rob) rather than
just citing their data (as done in more recent compilations ,e.g.
[6OPopl,1[709ar],.[76Alc1) .However, since the temperature dependency of
the data for zirconium silicides are not known,only rough estimates
are possible for the tie lines occurring in the ternary Zr-Si-N.The
results of these estimates are generally consistent with the
experimentally observed isothermal sections (figs.14.1 and 14.2).
There Is no pressure or temperature range where SI.NM coexists in
equilibrium with zirconium.
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Table 14. 1: Solid pbases in the system Zr -Si -NI

Phase /Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

c.-Zr(r) hP2 a- 323.2 [S5VilJ;powder pattern:

T<863 P63 /uMC cz 514.7 ASTH file card # 5-665

Mg (M3)

I?-Zr c12 a= 356.8 (05VilJ;powder pattern:

V-863 lass AM2' file card # 34-657

V (A2)

ZraSi tP32 a= 1101 [85Vill; possibly

P4 2 /D c= 545 impurity stabilized

T1 P

Zr,3i t112 a= 660.9 [85VilJ;powder pattern:
14/mcm c= 529.8 ASTM file card # 25-757

AI2Cu (C16)
Zr,Si, (h) hPl6 a= 788.6 [85VilI;powder pattern:

T>1745 P62/mcm c= 555.8 ASTI4 file card # 6-582

Zz;8i2  tPlo a= 708.2 1B5VilI;powder pattern:
P4/mbm c= 371.5 ASTN file card # 14-368

U881 2 (D5G
Z;SI, tP36 a= 712.25 [SSVilJ;powder pattern:

P4, 7 2 cz 1300.0 given in [66PfeJ

Zr, Si4
ZrS1(r) OPS a= 699.5 1SSVilJ;powdor pattern:

T<1460 Puma b= 378.6 ASTM file card # 9-226

FOB (327) ca 529.6
Zrsi(h) oCS a- 375.4 (628chJ;

T>1460 ~ cc b= 989.2 gives powder pattern

Cr3 (533) ca 374.6
1r~i3  oC12 an 372.1 (SSVIlJ;Powder pattern:

~CNI ba 1468 A M~ file card # 32-1499
ZrSJ, (C49) ca 368.3

61



Tab.14.1 continued

ZrA - x  cn an 458.5 [85Vill;powder pattern:

resm AST file card # 2-956,

NaCi (BI) 31-1493,35-753

Si cr8 a= 542.86 [S5Vil];powder pattern:

Fd:Fm AST file card # 5-565

C (M)

o-a 2N4  hP28 a= 781.8 [85Vil];powder pattern:

P31c c= 559.1 ASTN file card # 9-250

& -SJSH, hP14 a= 760.8 [85VilJ;powder pattern:

P6 /m c= 291.1 ASTH file card # 29-1132

8:1dW 4  33-1160

Tab.14.2:Thermodynamic data for the solid phases in Zr - Si - N

phase AGO (J/graatom) Coment

.1429 8J 14 -124602 + 57.95 T (76rro]

.3333 ZrS19 AnW". -53000 (56-2Dre]

.5000 ZrSi H -77400 [56-2Bre]

.111 Zr1iW N.'e= -78000 [56-28re]
( zroS31 )

.2000 ZrSi AWf"= -77000 [56-2Dre]

.1250 Zi 3Si. LHl?. -72175 (56-2Bre]
2p9

.3333 Z;SI H = -69730 [56-2Bre]

.5000 IrN -183230 + 48.325 T (76Frol
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Fi9. 14.1: Isotbexial section observed In the system Zr 81i N
at I000*C (in the absence of external nitrogen pressure)
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Fig. 14.2: Isothermal section observed in the system Zr -Si -N

at 13000C (under argon)
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Fig.14.3 The phase field of ZrS1L1j at 14000C
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SYSTEM HAFNIUM -SILICON - ITOGEN (Hf-Si-N)

IWRDUCION / EXPERIMNTMAL

Phase equilibria of Hf-Si-N between 20006C and 23000C were

determined by x-ray analysis [S7SchJ,[SS5chl.The alloys investigated

in were prepared using powders of SkbM 4 (mixture of *-Big N, and
ft-SjN 4 58 at% Si), silicon (purity: 3N) and hafnium (purity: 3N)

all from Alpha Div. ,Ventron Corp. ,USA as well as hafnium nitride
(purity: 2N; from Materials Reseach Corp. ,USA). cold pressed

mixtures of these powders and/or of powders of master alloys made
thereof were either sealed in evacuated quartz tubes lined with Mo

foil and heat treated for 400h at 10000C or Annealed at 15000C,48h in

a r. f. furnace under argon (purity: 5N-).

BINARY SYSTEMS

For the system Hf-Si the phase diagram of (69RudI (reproduced by
[76Mof] as well as [B9GokJ) is preferred over the diagram compiled

by [SiKub) (reproduced in (B6Mas]).According to [69Rud] neither

Hf,,i 3L (Mrt~i.-type) nor HfS (T type) are binary eqilibrium
phases (tab.15.1).The phase diagram of Hf-N (fig.15.l [900kaJ) is

based on [69RudI but modified to account for the results of [7ORud]

and [73BilJ.No phase diagram is reported for Si-N. S1 N4 exists in
two modifications: *-S: X and t?-SiLN, (tab.15.2). The solubility of
nitrogen in silicon is very low 176Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase exists in Hf -Si-N (tab.15.l).Isothermal sections

are reported for 10000C and for 13000C (fig.25.2 [87Sch][8SchJ).At

both temperatures Hfi-,k is the dominating phase coexisting with
SJ6, as well as all binary silicides.These data confirm earlier
reports on the reaction of 81,M with hafnium [Sixuki and on the
coexistence of 8J19 with HfN during hot pressing at 19506C [asuch].

In ternary alloys lattice parameters of neither binary hafnium
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sulicide, Sian~ or HfuL. are altered with respect to the values of
the pure binary alloys indicating virtual insolubility of the reap.

third component.

* only limited thermodynamic data are available for binary hafnium
silicides (tab.15.2). These allow only rough estimates of the tie lines

which *however, compare favorably with the experimentally observed

equilibria. There is no pressure or temperature range where SIAN
coexists in equilibrium with hafnium.
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Table 15.1: Solid phases in the system Hf -Si -N

Phase /Pearson Symbol/ Lattice Comments
Temperature space group / Parameters

Range (OC) Prototype (pm)

a-Hf(r) hP2 a= 319.8 (SSVilJ;powder pattern:
T<1743 P6,/mmc c= 506.1 ASTK file card # 38-1478

Mg (M3)
fl-Hf(h) c12 a= 361.5 (8SVilJ;
T>1743 Im3m

V (A2)
Hf28i t112 a= 655.3 [85VilJ;powder pattern:

14/inca c= 518.6 AST4 file card # 12-467
A3.Cu (C16) 25-371

H&Si 2  tplO a= 698.8 (85VilI;powder pattern:
P4/mb. (D5..) b= 367.5 A5TM file card # 14-427

UVaSi 2
H% Si4  tP36 a= 703.9 (85VilJ;

P4 1 21 2 c= 1283
Z%;Si46

HfSi oPe a= 688.9 [85VilI;powder pattern:
Pnma b= 377.2 ASTM file card # 13-369

FeB (B27) c= 522.3
Hfsi oCl2 a= 367.2 r8sVilJ;powder pattern:

Ccai b= 1457 ASTK file card # 10-202
ZrS1k (C49) c= 364.1 38-1373

Hfauz(h) h116 a= 320.6 [85VilJ;powder pattern:
750<T<2000 Onm c= 2326 AST4 file card # 23-1097

AgCrSq.
Hf4N,(h) hRS a= 321.4 CS5ilj~powder pattern:
750+ <T<2250 On. c= 3112 ASTK file card # 24-465

HfNI- cF8 a= 451.18 (8SVilI;powder pattern:
FP0m, ASTM file card # 33-592
Hadl (51)
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Tab.15.1 continued

81 cF8 a= 542.86 [85Vil];powder pattern:

Fdru ASTH file card # 5-565

C (A4)

c-SjN 4  hP28 a= 781.8 [85Vill;powder pattern:

P31c c= 559.1 ASTM file card # 9-250

?-SlN 4  hP14 a= 760.8 [85Vill;powder pattern:

P6,/m c= 291.1 AST file card # 29-1132

SlaN 4  
33-1160

Tab.15.2:Thermodynaaic data for the solid phases in Hf - Si - N

phase AG (J/gramatom) Coment

.1429 SJIlN4  -124602 + 57.95 T (76Fro]

.3333 HfS2 .= -50208 [82Mur]

.5000 HfSi AH = -71130 [82Nur]

.1250 R;12S AI? = -69820 [82Hur
(HSi. 4 + HfSi z )

.2500 &f . P= -62760 [821urJ

.5000 HfN -1845105 + 42.48 T [76Fro]
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i2
FIig.15.1: Phase diagram of the boundary system hafnium - nitrogen
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F~ig.15.2: Isothermal stion observed In the system Rf - 8i - N
at 13000C under argon (at I0000C identical tie lines exist)

Si3NN
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Si20 Hf Si2  Hf Si Hf 5Si4\ Hf 2 Si 80 Hf
at 1.o H f Hf 3Si2
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SYSTEM VARADZU3 - ZLZ - NITROGEN (V-SI-N)

INTODCMON / 3IIJEWUUAL

Phase equilibria of V-Si-N at 10606C and 15000C were determined
by x-ray analysis [S5SchI,[S6Andj. ie alloys investigated

in the former work were prepared using powders of SiN, (mixture of
;t-JNand /,?-SiMN,5S at% Si), silicon (purity: 3N) and vanadium

(purity: 2N5; impurities in ppm: C 900, Si 800, Cr 600, Fe 500, Al 200,

others < 100) all from Alpha Div.,Ventron Corp.,USA and vanadium

nitride (purity 2N,. from Materials Research Corp. ,USA) .Cold pressed
mixtures of these powders and/or of powders of master alloys made
thereof were either sealed in evacuated quartz tubes lined with Ho

foil and heat treated for 600h at 20000C or annealed for 30h at 15000C

in a r.f.furnace under argon (purity:5N+).

BINARY SYSTEMS

Phase diagrams for the systems V-Si and V-N are given in [B6Mas).

Although not shown in the V-N diagram [86Mas],with varying nitrogen

content differently ordered structures occur within the "homogeneity

range" of the subnitride 0 -VK C , tab.26. 1) .No phase diagram is
reported for Si-N. SJN, exists in two modifications: "'-Si N and

fl-SJ1N, (tab.16.l). The solubility of nitrogen in silicon is very
low 176FroJ.

SOLID PHASES / ISOTHERMAL SECTIONS

The only ternary phase existing in The system V-Si-N isV.rS t

(tab.26.2) which dominates the phase equlibria at 10000C (fig.16.1
[S53chJ) and 25000C (fig.16.2 (SSSchj).V.SkN,_, coexists at 20000C
with 5131 V,,N-. and all binary vandium silicides stable at this
temperature but not with VqIL silicon or vanadium.[S96AndI confirms

* these tie lines except they report VSi,1L- to coexist with VU9-X.
However,thermochemical calculations using the data in tab.16.2 cor-

roborate the experimental findings reported In fig.16.1.Neither Si N
nor n_,. are stable at 25000C under argon.Thus the tie lines directed
from VBJ,,.V,$S1 1 w as well an Vrj_. towards Si.N4 at 10000C are
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changed toward %(gas) at 1500-OC (fig.16.2 (SS9chj).These data
confirm earlier reports on the interaction of Sian+. V [69FelJ Si. N
+ vqx [S5Uch.VSi 2 , I& [69FPit] and V N =1 3.+ [56ow .Lattice

pameters of neither vanadium suicide coexisting with V8 S;I-
sJ,34, or NM (gas) ore, altered with respect to the values of the pure

biayalloys indicating virtual insolubility ofnitrogen in vndu

silicides.
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Table 16.1: solid phases In the system V - Si - x

Phase / Pearson symbol/ Lattice Coments

Teperature space group/ Parameters

Range (OC) Prototype (p)

V c12 am 302.71 [S5Vil;powder pattern:

0S10 ASTH file card # 22-1058

V (A2)

V1i cP8 a= 472.49 (85Vil];powder pattern:

Puln ASTM file card # 19-405

cr.si (A15)
, OSi tr32 a= 942.9 [85VilJ;powder pattern:

14/ncm c= 475.6 ASME file card # 9-301

SSaWz, (DB)

vSis(h) o144 a= 1596.6 [85Vil];powder pattern:

T>1160±100 Tban b= 750.1 AST file card # 23-722

Ge.Ti, c= 485.8 27-611

V54 hP9 a= 457.1 (85Vill;powder pattern:

P6,2 22 c= 637.2 ASTN file card # 13-260

CrSjk (C40) 38-1419

0 -VN,- phases:

V934  hP* a= 491.0 [82ono1;
P62 22 c= 455 powder pattern given

VVt,
V2N hP9 a= 491.7 [asVil];powder pattern:

P3Im c= 456.8 ASTK file card # 6-624

V2 x30-1420,32-1413 , 33-1439

vSNtM58 a= 2[ (780noJ;

T<500 P4/nmc c= 2 aVN powder pattern given

VNc x  cYS a= 413.6 [S5Vill;powder pattern:

rasa ASTH file card # 25-1252

NaC1 (31) 35-768

Si cYS a= 542.86 [85Vil];powder pattern:

Nadn AUTH file card # 5-565

C (a4)
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Tab.16.1 continuod

a-8123 hP28 am 781.8 [85Vil];powder pattern:

P32c c= 559.1 AST file card # 9-250

f -8 N, hPl4 a= 760.8 (85VlJ];powder pattern:

P6,/u c= 291.1 AST file card # 29-1132

813 33-1160
*Vs s8o_ hP18 an 715.54 (85SchJ;powder pattern:

P6V/mcu c= 485.21 AST file card # 8-379

filled Mn sit

Tab.16.2:Thermodynanic data for the solid phases in V - Si - N

phase G? (J/gramatom) Comment

.1429 SN4 -124602 + 57.95 T [76Fro]

.3333 VSI -40700 + 3.15 T [818mi]

.0909 V81 -49600 + 3.1 T I81S8il

.1250 VOSI -53800 + 4.1 T [818]

.2500 Vaal -43100 + 3.33 T [SISSI]

V(s.s.10at% Ni) -11175 (at 1773K) estimated from plot

-. 77 8vs. xN
V(s.s.Sat% N) -8000 (at 1273K) estimated from plot

A Z~s XN

.3431 N Pa -89591 + 30.55 T (76Frol

.5000 Vq.x -77404 + 46.024 T [82Pom]
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riq.16li: isothermal section observed in the sYstem V - i-

at 1000DC (in the absence of external nitrogen pressure)
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Fig.16.2: Zsothermal section observed in the system V -Si - N

at 1500OC (under argon)
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SYTU V= ZOIRI SILICON NXTROGSK (Mb-si-K)

INRODUJCTION /EXPERIMENUTAL

Phase equilibria of Nb-si-K between 10000C and 2500cC were deter-
mined by x-ray analysis [85-l3chJ.Tbe alloys investigated were prepared
using powders of 5JN.. (mixture of a-SiI and 13-31,1&,58 at% Si),
silicon (purity: 3N), niobium (purity: 2NB; impurities in ppm: Ta. B00,

Ti 100, Fe 80, 0 80, c 50, V 50, other < 10 ) and niobium nitride
(6NbM,purity: 3M) all from Alpha Div. ,Ventron Corp. ,USA. Cold pressed
mixtures of these powders and/or of powders of master alloys made
thereof were either sealed in evacuated quartz tubes lined with Mo
foil and heat treated for 600h at 10000C or annealed for 30h at 15000C
in a r.f.furnace under argon (purity:5N+).

BINARY SYSTEMS

The phase diagram of (BOIKocI for the system Rib-Si (fig.17.2) is
be preferred to the diagram given in [S6KasJ,because it shows in
detail the stability ranges of the two modifications of N% Si 3

(tab.17.1).The phase diagram for the system Mb-N (fig.17.2 [B5-2SchJ)

in based on [B39ral as well as on the compilation by [79PolI.Phases
stable only at nitrogen partial pressures higher than id'Pa [7lTerJ
are not included in this fiqure.No phase diagram is reported for

Si-N. 5J:M6 exists in two modif ications: *-Si, K and fl-Si. N (tab.17.1).
The solubility of nitrogen in silicon is very low [76Frol.

SOLID PHASES / ISOTHRMDAL SECTIONS

The only ternary phase existing in the system Nb-Si-N is Mbs SJNMIX
(tab. 17.1).u~it dominates the phase equilibria in the isothermal
section at 15000C (fig.17.3 (B5-l3ch)) but does not occur at 10006C
(fig.17.4 (B5-l8chJ).At this temperature SIkM4 coexist with s-NbM.

&X2 -kgMb.3Si1 and Nb$i2 but not with niobium. These data
conf irm reports on the interaction of 312M4 Nb or niobium compounds
(56Zre1(7eucriJ[ssUchJ[B6SugJ as well as on the reactions of niobium
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silicideu with % (gas) [56*WJ[69Fit].Lattice parameters of neither

niobium sulicide coexisting with Ij,iiS,-Nb 2 N,8JN 4  or %jz(gas)

are altered with respect to the values of the pure binary alloys
indicating virtual Insolubility of nitrogen in niobium sulicides.

Only limited thermodynamic data are available for binary niobium

silicides (tab.17.2). These are not sufficient to allow calculation

of tie lines to be compared with the experimentally observed equili-

bria. Howeverit is evidentthat there is no pressure or temperature

range where SJku, coexists in equilibrium with niobium.
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Table 17.1: solid phases in the system Nb -Si -N

Phase /Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

lib C12 a= 330.02 [85VilJ;powder pattern:

r3m ASTH( file card # 34-370

WV(A2)

wb, Si tP32 a= 1022.4 [SSvil];powder pattern:

P4 /n c= 518.9 AST1' file card # 22-763

NkaSia(r) t132 a= 657.0 [BSVilJ;powder pattern:

T<c1940 rUfmcm c= 1188.4 ASTH file card # 30-874

Cr-B. (DO,)
Nbt. Sia(h) U132 a= 1002.6 [85VilJ;powder pattern:

T>2650 r4/mcm c= 507.17 AST4 file card # 30-875

fbSI hP9 a= 481.9. t85VilI;powder pattern:

P62 22 c= 659.2 ASTM file card # 8-450

Cr1, (C40)

0 NohP9 a= 526.7 185VilJlpowder pattern:

Pslm c= 498.8 AST4 file card # 30-869

V2 N
-Mt1a 14 a= 438.2 [B5ilJ~powder pattern:

U/ man c= 863.2 ASTK file card # 20-803

6-w* N1 X(b) crB a= 439.4 [BSVilJ;powder pattern:

rasa ASIDE file card # 25-1361

Hadl (B1) 34-337,38-1155
x-MbN hPS a= 295.8 [BSVilJ;powder pattern:

P63/mc C= 1127.3 ASTM file card # 20-801

TiAs

N6N hP22 a= 519.3 (85VilI;powder pattern:

P62/mcm c= 1038.0 given In [7lTerJ
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Tab.l7.1 continued

Nb4 BE tZIe a= 687.3 [85Vill;powder pattern:

X4/rn c= 429.8 given in [7lTer]

RiH,

Si cp8 a= 542.86 [85VilJ;powder pattern:

Fd~fu ASTN file card # 5-565

C (M4)
c-SiJ hP28 a= 781.8 [85VilJ;powder pattern:

P31c c= 559.1 AST4 file card # 9-250

S IsN4
03-SI)N 4  hP14 a= 760.8 [85Vil];powder pattern:

P63/u c= 291.1 AST4 file card # 29-1132

S42A 4  33-1160

*HbSi -x hPl8 a= 751.69 (85-lSch];powder pattern:

T>1000 Pr8/ucu c= 531.03 AST4 file card # 8-422

filled MrL.S is

Tab.17.2:Thermodynamic data for the solid phases in Nb - Si -N

phase t.Gr (J/granatou) Comment

.1429 SS)K6 -124602 + 57.95 T [767rol

an33 206i = -46000 [73Cha].3333NbS~tf

.125 3bSi,-60700 [73Cha].1250 ulsisf

.2500 Nka Si

.3333 NK~R -90793 + 30.96 T [76rroJ
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Fig.17.1: Phase diagram of the boundary system niobiui - silicon
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Fig.17.2: Phase diagram of the boundary system niobium -nitrogen
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Fig. 17.3: Isothermal section observed in the system Nb - Si - N

at 20000C (in the absence of external nitrogen pressure)
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Fig.17.4: Isothermal section observed in the system Nib -Si -N

at 15000C (under argon)
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SYSTEM TANTALUM - SILICON - NITROGEN (Ta-Si-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria of Ta-Si-N between 10000C and 15000C were deter-
mined by x-ray analysis [56Bre],[85SchJ.The alloys investigated
in the latter work were prepared using powders of Si, (mixture of
c-S 1 N and P-SiN,,58 at% Si), silicon (purity: 3N) and tantalum
(purity: 3N6; impurities in ppm: 0 1700, Fe 150, Nb 100, other < 10 )
all from Alpha Div. ,Ventron Corp. ,USA. Cold pressed mixtures of
these powders and/or of powders of master alloys made thereof were
either sealed in evacuated quartz tubes lined with Mo foil and heat
treated for 600h at 1000oC or annealed for 30h at 15000C in a
r.f.furnace under argon (purity:5N+).

BINARY SYSTEMS

The tantalum-silicon phase diagram of [81Koc] (fig.18.1,thermo-

dynamically modelled by [89Vah]) is preferred over the diagram given
in [86Mas].Five intermediate phases exist (tab.18.1).The phase
diagram for the system Ta-N (fig.18.2) is based on (83Ett] and
supplemented by original information taken from [69BooJ,[73Geij,

[75Gat] and [84Koy].No phase diagram is reported for the system
Si-N. SVN. exists in two modifications: a-SiN 4 and (-Si N
(tab.18.1). The solubility of nitrogen in silicon is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

The only ternary phase existing in the system Ta-Si-N is T% SN,_,
(tab.18.1).TSi,_ dominates the phase equilibria in the isothermal
section at 15000c under argon (fig.18.3 (85Sch]) and 13270C under

nitrogen (fig.18.4 [56Bre]) but does not occur at 10000C (fig.18.5

[85Sch]).At the latter temperature SljN, coexist with c-TaN,-T 2 N,
TSi. and TaSi. but not with TaSi,TSi or tantalum.These data
confirm reports on the interaction of S X,+ Ta or TaN [8lTam](85Uch]

as well as on the reactions of tantalum silicides with %(gas) [56Now]
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[69Fritj.Lattice parameters of neither tantalum sulicide coexisting
with T%812 1 TaL1 .,3 or N,(gas) are altered with respect to

the values of the pure binary alloys indicating virtual insolubility
of nitrogen In tantalum suicides.-

using the thermodynamic data in tab.1B.2 for the calculation of

tie lines, the experimental results at 20006C (fig.1S.3) are corrobo-

rated.There is no pressure or temperature range where SAN 4 coexists
in equilibrium with tantalum.
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Table 18.1: Solid phase. in the System Ta 91 Si-

Phase / Pearson Symbol/ Lattice Comments
Teprature Space group / Parameters

Range CDC) Prototype (pE)

Ta c12 a= 330.25 [S5Vil];powder pattern:
lass ASTK file card # 4-788
V (A2)

TO*Si tP32 a= 1019.3 [85VilJ;powder pattern:
P4,2/n c= 517.5 ASTM1 file card # 18-1312
TJUP

TaSi1 t112 a= 616 [53NowJ;povder pattern:
14/mcs c= 505.6 ASTX file card # 6-552
AJ2Cu (C16)

TSi,(rW t132 a= 651.6 (SSVilJ;powder pattern:
T<2160 14/scs c= 1187.3 AST4 file card # 9-232

Cr_ B. (Dq)
T% 1si,(h) t132 a= 988 1BSVilJ;powder pattern:
T>2160 14/sa c= 506 ASTN file card # 9-280

S:aWs (DO,,)
TaSj. hP9 a= 478.21 (85Vil];powder pattern:

P62 22 C= 656.95 ASTK file card # 8-53
CrSJ (C40) 38-483

U.N (r) C** a= 1010 [85Vil]
T<790

A -T%N(r) hP9 a= 528.5 [S5VilJ;powder pattern:
7<1850 Psis c= 491.9 ASTK file card # 31-1370

'U
f? -TN(h) hP3 a= 304.76 [85ViI;powder pattern:
?),2650 P60mmc c= 491.87 ASTh file card # 26-985

Fes* (L13)
S-TaUNAb M CF8 a= 433 [85Vi1J;powder pattern:
T>1750 ross AMT file card # 32-1283

NAdI (31)
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Tab.18.1 continued

'-TaN hP6 a= 519.6 (85Vil];powder pattern:

T<1950 P62m c= 291.1 AST file card # 9-257

TaN

TN4 hP22 a= 516 [85Vill;powder pattern:

P63/mc C= 1027 given in [71Ter]

Ta N tMe a= 683.1 [85Vil];powder pattern:

14/m c= 426.9 given in (7lTer]

RhLiN4

Si cp8 a= 542.86 [85VilJ;powder pattern:

Fd3M ASTM file card # 5-565

C (A4)
-S:V 4  hP28 a= 781.8 (85Vil];powder pattern:

P31c c= 559.1 ASTM file card # 9-250

Sh N6
1-S1 N4  hP14 a= 760.8 [85VilJ;powder pattern:

P6k/m c= 291.1 ASTM file card # 29-1132

V33-1160
*TqSiaN, hPl8 a= 750.88 [85Sch];powder pattern:

T> 1000 P62/mcm c= 524.57 ASTM file card # 6-594

filled mhn, S.I
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Tab.1S.2:TherModYnaaIC data for the solid pbase. In Ta -Si -N

phase &Of* (J/gramaton) Comment

.1429 81334 -124602 + 57.95 T [76Frol

.3333 TaS13 -39700 + 5.084 T' (89VahJ

.1250 TeSix -41800 + 5.599 T [S9VahJ

.3333 TaSi -41800 + 6.391 T [B9VahJ

.2500 TjSi -38700 + 7.331 T [B9VahJ

.3333 TOIN -67920 + 17.015 T [76Fro]
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rig. 18.1i: Phase diagram- of the bomadarY sYe ter tanitalum - licon
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Fig.18.2: Phase diagram of the boundary system tantalum - nitrogen
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Fig.18.3: Isothermal section observed in the system Ta - Si -N

at 10000C (in the absence of external nitrogen pressure)
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Fig.18.4: Isothersal section observed in the system Ta -si -N

at 13270C (under nitrogen)

N

80

Si3N4

ToaN

20

Si 20 TcSi 2  T05Si 3  Ta3Si TQ
a~ t % To 0S

97



Fig.1B.5: Isothermal section observed in the system Ta -Si -N

at 15000C (under argon)
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SYSTEM CHROMIUM -SILICON -NITROGEN (Cr-Si-N)

INTODUCTION / EXPERIMENTAL

Phase equilibria of Cr-Si-N between 10000C and 16000C were
determined by x-ray analysis (BlKat],[BBSch].The alloys investigated
in the latter work were prepared using powders of Si. N (mixture of
a-SA1 Na and (3-Ss N.,58 at% Si), silicon (purity: 3N) and chromium
(purity: 3N5) all from Alpha Div. ,Ventron Corp. ,USA. Cold pressed
mixtures of these powders and/or of powders of master alloys made
thereof were either sealed in evacuated quartz tubes lined with Ho

* foil and heat treated for 400h at temperatures up to 10000C or

annealed in an r.f.furnace under argon (purity:5N+) at temperatures

* up to 24000C.

BINARY SYSTEMS

In the binary system Cr-Si [B6MasJ four intermediate phases exist
(tab.19.1).Tie phase diagram of Cr-?J (fig.19.1) Is due to f71SveJ
(reproduced e.g. in (76Mof I and [81IXat]) but modified according to
(76FroJ.At 10000 C and p('1)= 1OPPa (tab.19.1) two intermediate
phases, CIE and CrN, exist. However neither phase is stable at this
temperature and pj)570 Pa t76Fro],[BlYamJ.No phase diagram is

*reported for Si-N. S1,N. exists in two modifications: ct-Si.N and
P-SlaN. (tab.19.1). The solubility of nitrogen in silicon as well as
In chromium is very low [76Fro I.

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase exists In Cr-Si-N (tab. 19.1) .Four experimentally
determined isothermal sections are reported [BlKat],[SSSch]: At 1000 0C
as well as 24000C in the absence of external nitrogen pressure
(figs.19.2 and 19.4 reap.);at 1000 0C under p(tJ) exceediag 'm 40 Pa
(fig.29.3); and at 16000C at POWj~ 10 Pa (fig.19.5). These data
confirm earlier reports on the decomposition of BjN. In contact
with chromium at temperatures of 9000C and above [56mowJ,[66mue],
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[697e1J,[73Cha],[76Kri],[77KhaJ,[83Ore],[S9GotJ.The sulicide most

rich in chromium coexisting with SiLN 4 is Cr.Si at 20006C and Ci Si.
at 24000C and 16000C.Lattice parameters of neither chromium sulicide

coexisting with Si3 N. or 1l gas are altered with respect to the
values of the pure binary alloys indicating virtual insolubility of

nitrogen in chromium silicides.

Using the thermodynamic data in tab.19.2 the nitrogen pressures

for the invariant equilibria occurring at 20000C as well as at 14000C

are calculated (tab.19.3) .The resulting tie lines are consistent

with the experimentally observed isothermal sections (f igs.19.2 to

19.4) .There is no pressure or temperature range where Si.KN coexists
in equilibrium with chromium.
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Table 19.1: Solid phases in the system Cr - Si - N

Phase /Pearson Symbol/ L~attice coments

Temperature Space group / Parameters

Range (10C) Prototype (pm)

Cr c12 a= 288.4 [S5VilJ;powder pattern:
Z3m ASTM file card # 6-694

W (A2)

Ci.3i cps a= 455.5 [85Vil1;powder pattern:

Pm3n ASIDE file card # 7-186

CzjSi (A15)

cu, 3ia t132 a= 917.0 (85VilJ;powder pattern:

14/mcm c= 463.6 given in [55ParJ

S12W (DS,)
CrSi cps a= 460.7 (85VilJ;powder pattern:

P2 3

FeSi (B20)

CrSj, hP9 a= 443.1 [B5VilJ;powder pattern:
P62 22 c= 636.4 ASTK file card # 12-596

CrSi, (C40) 35-781

CzN hP9 a= 479.6 [B5VilJ;powder pattern:

P32m c= 447.0 ASIDE file card # 27-127

35-803

Cr3 CFO a= 414.8 [B5VilJ;powder pattern:

ra3m ASIDE file card # 11-65

Hadl (Bl)

Si crB a= 542.86 [BSVilJ;powder pattern:

Mdin ASITE file card # 5-565

C (M4)

hP28 a= 781.8 [85VilJ; powder pattern:

P3lc c= 559.1 ASIDE file card # 9-250

hPl4 an 760.8 (S5Vilj;poueder pattern:

?63 /mcz 291.1 ASIDE file card # 29-1132

33-1160
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Tab.19.2: Thermoynamic data for the solld phases in Cr - Si - N

phase AGO (P/qramatow) Comment

.1429 SiNU(  -124602 + 57.95 T [76Fro]

.3333 CrS6a -26700 + 1.0 T [75Cha]

.5000 CrSi -27400 - 0.6 T [75Chal
.1250 cr3is, -27500 - 0.8 T (7SchaJ

.2500 Ci.Si -26400 + 0.6 T [7SCha]

Cr(s.s.7at% Si) -7200 (at 1673K) estimated from plot
AG"'vs. x.

Cr(s.s.6at% Si) -6700 (at 1273K) estimated frGj plot
A- 27 vs. xs

.3632 CNNo.. 5 -30663.4 + 15.22 T [76FroJ
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Tab.19.3: Calculated Invariant equilibria in Cr - Sl - N

a) at 1000DC (1273K):

p(1J) (Pa) Reaction

Bi o-1 = 3 si+ 2N

ss 1c, Si% + 6 Cr pa 5 = 9 Cr.2 3 sl.. + 2 2

220k 10-  Sis1. + 12 Cr. 4s Si :15 Cr. Si., + 2 N2

2.2 SN 4 + 15 Cr...,Si. = 18 Cr.,2,Si.,,,, + 2 N2

42 CN. =2 Cr + 0.38 Nz

830 S.N + 4.5 CrN. = 12 Cr - ,Si + 3.71 N,

b) at 14006C (1673K)

p(N2 ) (Pa) Reaction

95 sit. = 3 si + 2 N2

680 ,N4 .+ 6 Cr is = 9 9 Cr.,si. ,+ 2 U2

1.7 x 10 Bg4O' + 22 Cr. si .. = 15 Cr, s. 5 + 2 %

6.6x 10x Cr. N .6 a 2 Cr 0.38 M2

13.8 x10" SI.N4 + 15 Cr._.S.2 5 = 18 Cr , 5~Sl. 3 + 2 M2

250 x I,? S:,K 4 + 4.5 CrN., _12 Cr si. + 3.71 NZ
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Fig. 19.1: Phase diagram of the boundary system chromium -nitrogen
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F~ig.19.2: Isothermal section observed in the system Cr - Si -N
at 20000C (in the absence of external nitrogen pressure)
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Fiq..19.3: Isothermal section observed in the system cr -Si N

at 10000C (under a nitrogen partial pressure above 2; 40 Pa)
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Fiq.19.4: Isothermal section observed in the systeo Cr -Si N

at 14000C (under argon)
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Fig.19.5: Isothermal section observed in the system cr -Si x

at 16000 C (under p(l&)= iO'Pa)
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SSTEMK MOLYBDENUM - SILICON - NITROGEN (Mo-Si-N)

INTRODUCTION / EXPERIM4ENTAL.

Phase equilibria, of Mo-Si-N between 10006C and 14006C were
determined by x-ray analysis [BBSchJ.The alloys investigated were
prepared using powders of 5i3 34 (mixture of *-Si, N and fl-Si, N4 5

at% Sifro. Alpha Div.,Ventron Corp.,US&),silicon (purity: 3N,from

Alpha Div. ,Ventron Corp.,USA) and molybdenum (purity: 3M, from
Metallwerk Plansee Austria) .Cold pressed mixtures of these powders
and/or of powders of master alloys made thereof were either sealed
in evacuated quartz tubes lined with Mo foil and heat treated for
400h at temperatures up to 10000C or annealed in an r.f.furnace
under argon (purity:51+) at temperatures up to 14000C.

BINARY SYSTEMS

The phase diagram for the binary system Mo-Si given in [86Mas)
(based on [72KocJ, thermodynamically modelled by [89'JahI) needs to
be modif ied with regard to the melting behavitor of Mo. Si [54NowI.,
[SOZotJ,[S3Chrj: Mo.Si decomposes upon melting into No.5 S13+ (liq.)
rather than Mo + (liq.) (fig.20.1).Three intermediate phases occur

(tab.20.1).The phase diagram for the system Mo-N given in [S6MasJ is
based on [7O3ttJ and [7SJeh] but does not include the occurrence of

* O-N%~N at T :5 8500C as shown In the original diagrams (fig.20.2 due
to [7OZtt]J,[78jeh], reviewed by [Borer]) .Te intermediate phases are
listed in tab.2O.2.Neither is stable at 20000C unless p(?J) > i(?Pa
[7BJehj.No phase diagram is reported for Si-N. SkuM, exists in two

* modificationspa-S13w and (O-Si1N (tab.20.1).The solubility of
nitrogen in silicon in very low (76Pro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase exists in Mo-Si-N (tab.20.1).At 20000C an well as
at 14000C Sian. coexists with Mosi, and No. Si, but not with Nos Si or
No (fig. 20.3) .In the absence of external nitrogen pressure no
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molybdenum nitride is observed IS8ach] .This confirms earlier reports
on the decomposition of 8i914 in contact with molybdenum at teoo-
peratures of 10006C and above [S6ow],[6Fit,[7Ka[79Nue][S3SugJ.
However at temperatures up to 20006C this reaction is slow and
incomlete even after 400h mneal [flach I. Lattice parameters of
neither molybdenum sulicide coexisting with Skn, or N2 gas are

altered with respect to the values of the pure binary alloys
Indicating virtual insolubility of nitrogen in molybdenum silicides.

Using the thermodynamic data in tab.20.2 the nitrogen pressures

for the invariant equilibria occurring at 10000C as well as at 14000C

are calculated (tab.20.3).The resulting tie lines are consistent

with the experimentally observed isothermal section (fig.20.3).
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Table 20.1: Solid phases in the system No - 81 - N

Phase / Pearson Symbol/ Lattice Coments

Temperature Space group / Parameters

Range (0C) Prototype (pm)

No c12 a= 314.70 [85VilJ;powder pattern:

lo3s ASTM file card # 4-809

W (A2)
xqasi cPs a= 489.0 [85Vil];powder pattern:

Pu3n ASTK file card # 4-814

Cr.si (A15)

%1,3 t132 a= 964.25 [85Vil];powder pattern:

14/mcm c= 490.96 ASTM file card # 17-415

S1 Wz (DBV)
xoSi t16 a= 320.2 [85Vil];powder pattern:

14/mm c= 785.1 ASTM file card # 6-681

XOSik (Ci)
(? 34JM t112 a= 420 (85Vili;powder pattern:

T<850 141/aud c= 801 ASTM file card # 24-768

MM
r 34cM cP8 a= 416.5 [85Vill;powder pattern:

(or oNq 2 ) Pa3 ASTM file card # 25-1366

T>850

6 MON hP16 a= 572.5 [85Vil];powder pattern:

P62/umc c= 560.8 ASTH file card # 25-1367

MoN

Si cp8 a= 542.86 (85Vili;powder pattern:

Fd3m ASTM file card # 5-565

C (A4)
a-8j 5 3 hP2B a= 781.8 [85Vi).];powder pattern:

P31c c= 559.1 ASTN file card # 9-250

(3-SU 4  bPI4 a= 760.8 185Vil;powder pattern:

P6,/u c= 291.1 ASTM file card # 29-1132

S33-1160
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Tab.20.2: Thermodynamic data for the solid phases in No - 81 - N

phase A4? [J/grmatomj Coment

.1429 SJN 4  -124602 + 57.95 T (76fro]

.3333 No8i, -46515.7 - 2.832 T [89Vah]

.1250 M%3S1 -37008 - 3.787 T [89Vah]

.2500 N *i -29710 + 0.510 T [89Vah]

.3333 IN -19107.4 + 17.96 T [76Fro]

Tab.20.3: Calculated invariant equilibria in No - Si - N

a) at 10006C (1273K):

p(Nz) (Pa) Reaction

5 x 10"" 31, N 3 Si + 2 N

23.6 SJN 4 + 3.429 No . 5 Si. ,,= 6.429 Mo.a Si.+ 2 N
6.4 x 10' 8is + 15 No..sSi.2 = 18 Mo.Si.a* + 2
12 x10 aOM 2 No + 0Mao2.5

39.5 x 10" sV6, + 4.5 MOO = 12 No.75Si5 + 4.24 N4

b) at 1400oC (1673K)

P (m) (Pa) Reaction

95 SI 3 s, + 2
64x 10' 8i +3.429 No 1Si a 6.429 No ft,8i d+ 2

lO1 le 8o it + 15 No. Si. 2, a 18 No msi.. + 21Ma
11 x, loe HW a 2 No + 0.5 16
22 x s N4 + 4.5 o33 12 No..51.25 + 4.24
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Pig.2O.2: Phase diagram oftebudr ytmmlbeu silicon
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Pig.20.2: Phase diagram of the boundary system molybdenum -nitrogen

t N108 pa
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Uiqg.20.3: Isotbermal section observed In the system No 81i N
at 24000C under argon (At 10006C identical tie lines exist)

S i3NN

480

20

Si 20 MoSi 2 40 MoSi 3  M03Si MO
at %' MO
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SYSTEM TUNGSTEN - SILICON - NITROGUN (-iN

IN2TRODUCTION E XPERIMENTAL

Phase equilibria of V-Si-N between 10000C and 14000C were

determined by x-ray analysis [SB8ch].The alloys investigated were

prepared using powders of SJ.V (mixture of a-SION adiSi 58

at% Si,from Alpha Div. ,Ventron Corp.,USA),silicon (purity: 3N,from

Alpha Div. ,Ventron Corp. ,USA) and tungsten (purity: 3N, from

Metallwerk PlanseecAustria) .Cold pressed mixtures of these powders
and/or of powders of master alloys made thereof were either sealed
in evacuated quartz tubes lined with Mo foil and heat treated for

400h at temperatures up to 16000C or annealed in an r.f.furnace

under argon (purity:SN+) at temperatures up to 14000C.

BINARY SYSTEMS

The phase diagram for the binary system V-Si is given in [8614as]

and was thermodynamically modelled by [B9VahJ.No phase diagram exist

for the systems V-N or Si-n.Two supposedly stable [BBWriJ tungsten

nitrides are reported (tab.221).However,the cubic phase (t)-JN

was shown to be an oxynitride [67Gue].S1kN, exists in two modifi-

cations: =-SiJN 4 and (3-Si.N. (tab.21.l). The solubility of nitrogen

In silicon as well as tungsten is very low [76Froj,(BlJehJ.

SOLID PHASES / ISOTHERMAL SECTIOhNS

No ternary phase exists in V-Si-N (tab.221l). rigs.21.l and 21.2

show the phase equilibria in the absence of external nitrogen

pressure at 1OOO0C and 14006C resp. (SS3chJ.5J3N, coexists with
tungsten up to 21280C [BB8ch].Above this temperature S, is

rapidly decomposed [69FitJ, (7O8atJ, 77KahI (79NueJ, (BB8chJ and a

three phase field SiN 4. W5316+. Nagas) exlsts.Lattice parameters
of neither tungsten silicide coexisting with Si k6 or N. gas are
altered with respect to the values of the pure binary alloys

indicating virtual insolubility of nitrogen In tungsten silicides.
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Using the thermodynamic data In tab.21.2 the nitrogen pressures
for the invariant equilibria occurring at 10000C as veil as at 24000C
are calculated (tab.21.3).The resulting tie lines are consistent
with the experimentally observed isothermal sections (figs.21.1 and
21.2).For the observed onset of the decomposition reaction of il

with tunsten at 12286C the calculated nitrogen eqilibrium pressure

is 376 Pa.
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Table 21.1: Solid phases in the system V - Si - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (p)

V c12 a= 316.52 185VilI;powder pattern:

xm3n" ASTH file card # 4-806

W (A2)

V Si, t132 a= 964.5 (85VilJ;powder pattern:

14/mcn c= 497.0 ASTM file card # 16-261

1SSis (De)
wS 2  t6 a= 321.1 (85Vil];powder pattern:

14/mm c= 786.8 ASTN file card # 11-195

Nosk (ClI)

1-vim cF8 a= 412.6 [85Vil];powder pattern:

(waI) Fm3m AST file card # 25-1257

NaCi (BI)
6 -WN hP2 as 289.3 [85Vi1];powder pattern:

P6m2 c= 282.6 ASTM file card # 35-1256
Vc

Si cF8 a= 542.86 (85Vill;powder pattern:

Fd3n ASTM file card # 5-565

C (A4)

-8_jN 4  hP28 a= 781.8 [85Vil];powder pattern:

P31c cz 559.1 ASTM file card # 9-250

t?-Sion hPI4 a= 760.8 [85Vill;powder pattern:

P6*/n c= 291.1 ASTN file card # 29-1132

SijN 4  33-1160
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Tab.21.2: Thermodynamic data for the solid phases in W - Si - N

phase AG? [J/gramatom] Coment,

.1429 5SNA -124602 + 57.95 T [76Fro]

.3333 WSJ2 -31039 + 0.697 T [89Vah]

.1250 tISi 3  -19203.8 - 1.778 T [89Vah]

Tab.21.3: Calculated invariant equilibria in w - Si - N

a) at 1000oC (1273K):

p(N2 ) (Pa) Iteaction

lo- Si2N = 3 Si + 2N2

1.5 SI N4 + 3.429 W.42 Si". 5 6.429 W+3 Si. 2 N2
17 S1N 4 + 5 W = a W,5Si.3 +2N

b) at 14000C (1673K)

p(I& ) (Pa) Reaction

95 S im, 3 si + 2 26.22 x 20 TM  Si M + 3.429 W Si. 6.429 W. .Si. 5+ 2 N2

56.6 x V? s 4 + 5 W 8 W,.62si.,..5 1 2 21
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Fig.21.1: isothermal section observed in the system W - Si N

at 20000C (in the absence of external nitrogen pressure)
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JA

rig.21.2: Isothermal section observed in the system W - si - N

at 14006C (under argon)
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SYTE=M HRIOANESS SILICON NITROGEN (Mn-Si-N)

XIWODOTIO / xpERIMENAL

Phase equilibria of the system Mn-Si-N were investigated at 20000C

by x-ray analysis [S7VeiJ.Alloys were prepared using powders of SiamN
(mixture of =-Sk, and fl-5iNj1 58 at% Si), silicon (purity: 3N),

MzN (purity: 3N) from Alpha Div. ,Ventron Corp. ,USA and manganese

(purity: 2N5) from rluka AG.,Switzerland.Cold pressed mixtures of
these powders and/or of powders of master alloys made thereof were

sealed in evacuated quartz tubes lined with Mo foil and heat treated

at 10000C.

BINARY SYSTEMS

The phase diagram for the system Mn-Si is given in (86Mas] and
was thermodynamically optimized by (89ChaJ.The diagram for the system

Mn-N gtven in [86MasJ was recently revised (fig.22.1 [9OGok]).

Structural data f or manganese silicides as well as the solid phases

reported to form under nitrogen are listed in tab.22.1.No phase

diagram is reported for Si-N. S121N. exists in two modifications:
ajS:N.and 1?-SiN.. (tab.22.1).The solubility of nitrogen in silicon

is very low [767roJ.

SOLID PHASES / ISOTHERMAL SECTIONS

The ternary phase MnSiiIdiscovered by [7l~arl,(tab.22.2) forms

above 7000C by reaction of manganese with silicon under nitrogen

[79PomJ.This phase is stable up to 23000C tinder p('1)= 1d'Pa

[79PooJ.The Isothermal section at 20000C [S7WeiJ (fig.22.2) shows

MnSii% to coexist with N2 (gas), Si. nSA-nss.Si) and

)*-Mnk(x.s.N) under their equilibrium nitrogen partial pressure.Under
argon Mn51N decomposes already above SOO*C [79PomJ.Lattice

parameters of MNSIII do not vary significantly with variation of the

ratio Mn/Si in the alloys.Thus at 10000C MnSill is a line compound.

The three phase field MnSij&+ M69i + 1?-Mn(s.s.Si) observed requires,
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that phase filelds with KD.Si participating must be cut of f by a tie
line between M31 and (3-Mn(s.s.Si) at low nitrogen contents. Lattice
parameters of neither manganese suicide coexisting with Si% or

Msare altered with respect to the values of the pure binary
alloys indicating virtual insolubility of nitrogen in manganese
silicides.Thus /?-Nn(s.s.Si) is likely to dissolve N..

Using the thermodynamic data in tab.22.2 the nitrogen pressures

for the invariant equilibria occurring at 10000C are calculated

(tab.22.3).The resulting tie lines are consistent with the

experimentally observed Isothermal section (fig. 22.2).
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Table 22.1: Solid phases at lOCOOC in the system Nn - Si - N

Phase / Pearson Symbol/ Lattice Comments
Temperature Space group / Parameters

Range (OC) Prototype (PE)

*-Nn(r) c15S a= 891.39 [85VilJ;powder pattern:

T<727 113a ASTI4 file card #t 32-637
*-tin MA12)

O-Din(h) cP2O a= 631.5 [B5VilJ,powder pattern:
727<T<2100 P41 32 ASTK file card #t 33-887

(3-Mn (A13)

(3-Mn (s.s.15at% Si) a= 628.3 [B5VilJ

r-Kn(h) cr4 a= 386.2 [85VilJ;powder pattern:
T>1100 rasa ASTH file card #t 1-1202

Cu (Al) tetrag. dist .upon quench:

ASTM file card #t 17-910
r-Kn (s.s.l0at% N) a= 388 (75KudJ

K%4Si9  hR159 a= 1087.1 (SSVil];powder pattern:
(Mb.Si.LMnSi) R! C= 1918.9 ASTM file card #t 31-832
T< 879 18-811,18-812

NqSi2  o1186 a= 1699.2 labeled M4 Si in [85Vil];
((CMnsi) 1mm. b= 2863.4 powder pattern:

c= 465.6 ASTh file card #t 24-737
M%~Si cFl6 a= 572.2 [85ilJ;powder pattern:

Dir3 (DO*)

K9%Si, tP56 a= 890.97 [85VilJ powder pattern:
T<850 P4A2 12 c= 871.53 ASTH file card #t 29-896

NKiz,1 30-826
Hn~si* hPl6 a= 691.1 (85VilJ;powder pattern:

P6,/Ucm cu 481.3 ASTH file card #t 3-1039
MSiv (DqO)

tinSi cps a= 455.7 [85Vi1J

P21 3
FeSi (320)

cont.
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Tab. 22.1 continued:

3MSi:,_ phases:

Xa8110 tP120 a= 551.8 [85VilJ

(Ma1Il. zp) Pjn2 cm 4813.6

Ndsi4 a t** a= 551.5 [85VilJ
(Ma8i 1 .7so )  c 1133.6

1qs81za t1164 a= 553.1 [85Vil;powder pattern:

(NaS. .. ) 112d c= 6531.1 AST file card # 20-724

M4S14- tP296 a= 553 [85VlI];powder pattern:

(KnSi. .1 ) P4n2 c= 1179.4 ASTI4 file card # 26-1251

Xn:Si7  tP44 a= 552.5 [85Vil]

(lnSl1 ...) Plc2 c= 1746.3

-Jft N cPS a= 394.2 [75Kud]
ra3m

re4 N (L'1)
C -NzN phases :

%MN_, (h) hP3 a= 281.60 [85Vil]

(O<x<0.33) P6%/mc c= 453.44

at 'T400oC OIyN (L'3)

NRNo. (r) hP12 a= 489.16 [85Vilj;powder pattern:

(N1ams) P6222 c= 455.45 ASTK file card # 31-824

at 15 1370C NRA

ND%3o.(r) oP12 am 453.7 [85Vill

at RT Pbcn b= 566.8

Pb~j c= 490.9

KztW oC24 a= 485.52 [85VilJ

C2221  b= 840.88

c= 453.27
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Tab.22.1 continued:

I %12tIO a= 297.4 [B4JacJ

14mm cm 1212.6

Tbi& (L 12b)

&-%, 3 r t** a= 421.5 [85Vi11;powder pattern:

T<400 c= 414.5 ASTK file card # 2-2158

& -Mq5II(h) C** a= 422.5 [85VilJ

T>400

Si cps a= 542.86- [85V111;powder pattern:

Minm ASTM file card # 5-565

C (A4)

'-Si N4  hP28 a= 781.8 L85ilIlpowder pattern:

P3lc c= 559.1 AST4 file card # 9-250

SiaN4
P-SiaN, hP24 am 760.8 [85VilJ;powder pattern:

P6k/m c= 291.1 AST4 file card # 29-1132
SiaN4  33-1160

M nSili OPl6 a= 524.8 [85VilI;powder pattern:

Pna21L b= 651.1 AST4 file card # 25-548
c= 507.0
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* Tab.22.2: Thezmodynamic data for the solid phases in umn al Si x

phase AGO' [/gramatom) Comment

.1429 M -124602 + 57.95 T [76rrol

* .0333 3I~i~ -9661.5 + 1.0 T [S9ChaJ

.5000 XnSi -12253.2 + 1.0 T [B9Chal

.1250 M%3 2 -12874.5 + 1.25 T [Bgcha]

.1429 3%3i2  -11542.2 + 1.5 T [S9ChaJ

.2500 NISi -10897.0 + 1.5 T1 9Cha]

.0909 KLSia -8629.5 + 1.0 T [89cha]

.1429 Mi*Si -7101.0 + 0.75 T [B9cha]

1I-Kn(s.s.l4at% Si) -6000 (at 1273K) estimated from plot
A 4 2 7 2 VS. X

Y -1n(s.s.l0at% N) -2000 (at 1273K) estimated from

(or more negative) 1) Mn + z -Mn4N 4* y-MnN

2) Ti, 1573K for

r-Mn.N 1 at p(;= 11? Pa

.2000 x-Mn6N -4534 + 3.266 T caic. from data given

in [75Gme)

.3333 C-K1%N -83667.7 + 5.807 T caic. from data given

in [75Gme]

.2000 n -)%N2  -6680 + 5.696 T caic. from data given

In [75Gme1

*.2500 MnSiI% -42250 ± 500 (at 1273K) estimated from the

exp. obs. tie lines:

1) coex. (S N. + zD.i) but not (musiN2 + 1%Si,)
2) coex. (MnSiky+ KnSi) but not (Si3N,4 Nn9 Sik)

or (S N 4 + (-Nn(s.s.Si)) resp.
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Tab.22.3: Calculated Invariant equilibria in Mn - Si - N at 10000c

p('I) (Pa) Reaction

5 - 2lO" aimN M4 3 S, + 2 Na
6x 10-a Si 8 6 + 8.278 M n.5 Si.5= 11.278 Mn.ad, Si. 62+ 2 N2

20x 10 -  SiIt + 12 Mn ". = 15 Mn.si 5+ 2 N2

130 x 1' 8.N + 1S .zs 18 ..rSi + 2 Nz

180x 10" MnSIN2 = .222 Sia + 1.333 Mn. "Si,25 + .556 NZ

200 x 10' MnSiN2 + 7.333 *n , UZSi.,e,: 9.333 Mn. 5Si.25 Z
330 x 10-3 MnSiN2 + 15.217 P-Mn (s.s.14at% Si) =

17.217 Mn 1*Si + N

max. 2875 MnSili + 6.825 ir-Mn (s.s.lOat% N) =

7.143 /?-Mn (s.s.14at% Si) + 1.321 N,

1
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Fig.22.1: Phase diagram of the boundary system manganese -nitrogen
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Fig.22.2: Isothermal section observed In the system Mn - Si - N

at 10000C (in the absence of external nitrogen pressure)
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SYSTEM RHENIUM - SILICON - NITROGEN (Re-Si-N)

INTRODUCTIOt / EXPERIMENTAL

Phase equilibria of Re-Si-N between 10000C and 14000C were

determined by x-ray analysis [88Sch].The alloys investigated were

prepared using powders of 8j.N4 (mixture of a-Si, and A-Sio,58

at% Sifrom Alpha Div.,Ventron Corp.,USA),silicon (purity: 3Kfrom

Alpha Div.,Ventron Corp.,USA) and rhenium (purity: 4N,from Johnson,

Mathey and Brandenberger,Switzerland).Cold pressed mixtures of these

powders and/or of powders of master alloys made thereof were either

sealed in evacuated quartz tubes lined with Mo foil and heat treated

for 400h at temperatures up to 10000C or annealed in an r.f.furnace

under argon (purity:5N+) at temperatures up to 14000C.

BINARY SYSTEMS

The phase diagram for the binary system Re-Si due to (82JorJ is

reproduced in [76MofJ.No phase diagram for the systems Re-N or Si-N

is reported.It is likely,that the rhenium nitride reported to exist

up to 370 0C (tab.23.1) is stabilized by oxygen. S1N 4 exists in two

modifications: c-SJN and 17-81 N (tab.23.1). The solubility of

nitrogen in silicon as well as rhenium is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase exists in Re-Si-N (tab.23.1) Figs.23.1 and 23.2

show the phase equilibria in the absence of external nitrogen

pressure at 10000C and 14006C resp. [888ch].At 10000C SJN. coexists

with rhenium,but at 14000C a three phase field SiN,+ Re,, 544+

3I(gas) exists.Thus the onset for the decomposition of SiN by

rhenium is between these temperatures.Lattice parameters of neither

rhenium ailicide coexisting with Si.N or N. gas are altered with

respect to the values of the pure binary alloys indicating virtual

Insolubility of nitrogen in rhenium silicides.
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using the thermodynamic data in tab.23.2 the nitrogen pressures

for the invariant equilibria occurring at I0000C as well as at 14000c

are calculated (tab.23.3).The resulting tie lines are consistent

with the experimentally observed isothermal sections (fign.23.1 and

23.2).
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Table 23.1: Solid phases in the system Re - i -N

Phase /Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

Re hP2 a= 276.09 [BSVilJ;powder pattern:
P6a /mc c= 445.76 ASTE file card # 5-702
lMg (M3)

R,8 mP24 a= 645.11 [S5Vill;powder pattern:
(Re.Si.) P21/b b= 960.12 ASTM file card # 32-891

c= 539.38

O3= 94.20
ReSi cps a=477.5 [85Vi1J;powder pattern:
T>1650 P21 3 ASTE file card # 8-278

FeSi (B20)

ReSik o16 a= 312.8 (85Vil];powder pattern:
Imm b= 314.4 ASTE file card # 35-1384

c= 767.7
Reil_. cF8 a= 402 [83Haq];gives powder

Fm~ft pattern
NaCl (defect)

SicF8 a= 542.86 [85VilI;powder pattern:
Fd~m ASTH file card # 5-565
C (M4)

8ON 4  hP28 a= 781.8 (85VilJ;powder pattern:
P3lc c= 559.1 ASTH file card # 9-250

S is 4
(-I? N hPl4 a= 760.8 [B5VilJ;powder pattern:

P62/in c= 291.1 ASTH file card # 29-1132

SJ~NI33-1160
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Tab.23.2: Thermodynamic data for the solid phase. in Re -Si N

phase A&GO [J/qraaatom I Comment

.1429 SV,4  -124602 + 57.95 T [ 76Fro ]

.3333 ReS1k -30100 + 0.0 T [73ChaJ
.5000 ReSi -26400 + 0.0 T [73ChaJ

.2250 R%Sia -19700 -2.1 T [73ChaJ

Tab.23.3: Calculated invariant equilibria in Re - Si - N

a) at I0000C (1273K):

p(N2) (Pa) Reaction

5. 102 Sin N 3 Si + 2 Nz
1.3 S&,N4 + 3.429 Re .45Si. = 6.429 Re ,,Si .,. + 2 N2
24 Si 4 +5 Re =8Re. ,2Si... + 2K2

b) at 14000C (1673K)

p(N.) (Pa) Reaction

95 Sin 4 =35Si +2 2
5.8k 1 0 SiatN + 3.429 Re Si 6.429 Re. ~Si. ~+ 2 K2

76.2w x2( SV~ 4 +5 Re 8SRe.,,1 37 +~___ 2 ______
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Fig. 23. 1: Isothermal section observed In the system Re - Si - N
at 10006C (in the absence of external nitrogen pressure)
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Fig.23.2: isothermal section observed In the System Re - Si - N

at 14000C (under argon)
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SYSTRM IRON - SILICON NITROGEN (Fe-Si-N)

io / EXPERIENTAL

Phase equilibria of 7e-8i-N between 9000C and 11500C were

determined by x-ray analysis (87Wei].The alloys investigated were

prepared using powders of 8V 4 (mixture of a-SigN. and P-Si. N4 ,

58 at% Si,from Alpha Div.,Ventron Corp.,USA),silicon (purity: 3N,

from Alpha Div.,Ventron Corp.,USA) and iron (purity: 2N5,impurities

in ppm: Ni 600, C<600, 0<2000; from Fluka AGSwtzerland).Cold

pressed mixtures of these powders and/or of powders of master alloys

made thereof were sealed in evacuated quartz tubes lined with Mo

foilheat treated either at 9000C,340h or 1150 0C,170h and quenched.

BINARY SYSTEMS

The phase diagram for the system Fe-Si given in [86Mas] is based

on [SOSch].However,according to more recent data [89Hil] no A-FeiSi(h)

exists (fig.24.1).The phase diagram for the system Fe-N is given in

[86HasJ.No phase diagram for the system Si-N is reported.Si3N occors

in two modifications: a-Si)N4 and P-Si N. Crystal structure data for

the solid phases are listed in tab.24.1.The solubility of nitrogen

in silicon is very low (76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase exists in re-Si-N (tab.24.1).Two isothermal
sections are reported [87Weil: In the absence of external nitrogen

partial pressure Si. N& is found to coexist at 9000C with all binary

silicides stable at this temperature and with a-Fe (fig.24.2).At

22509C SJ.N. coexists with all stable binary silicides but is decom-

posed by iron forming a-Fe containing 1 7 ± I at% Si in solid solution

(fig.24.3).Under pure argon the onset of this decomposition reaction

is observed at 1120 t 100C (87Wel].This agrees with earlierjust
qualitative observations [5701ej[66Nue][66YasJ[67CalJ[69PelI 76MatJ

and Is consistent with [1S7ie].Lattice parameters of neither iron
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silicide coexisting with SiNI or N. gas are altered with respect to

the values of the pure binary alloys Indicating virtual insolubility

of nitrogen in iron sllicides.The solid solution of 6 at% Si in a -re,

heat treated in a nitrogen atmosphere (95% 1St 0 Pa),

dissolves 2 x l-at% nitrogen at 9006C and 1.3 x 10" at% nitrogen

at lS0OC resp.[63Pea].

NISBCLLANEOUS

Joining of SJ2 4 to steel by hot pressing resulted in excellent

bonding due to the formation of iron silicides in the Interface.

Howeverdue to thermal expansion mismatch low tensile strength

(failure in the Si N) resulted [SSug].Thus additional interlayers

of other metals are preferred.

Iron is often used as addition in silicon to aid nitridation by

promoting the formation of liquid phase at. temperatures far below the

melting point of pure Si [81Muk][81Shi].The reaction products found

are 81N 4 and iron silicides [75Lei][85Bou],which however are recog-

nized to be the primary cause of strength degradation in hot pressed

silicon nitride [85Her].

Wetting angles under vacuum between SI.,N and Fei S4, as well as

FeSi are reported to bee= 660 (at 14500C) ande= 760 (at 15000C)

respectively [73Cha].

Tennenhouse et al. [85Ten] investigated the interaction of Si N.

cutting tools with iron and iron based alloys in air.They conclude

that the low melting phase formed during machining is an oxide phase

and does not occur in the ternary Fe-Si-N.
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Table 24.1: Solid phases in the system Fe - Si - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

o-Fe(r) c12 a= 286.65 [85Vil];powder pattern:

T<911 Im~m ASTY file card # 6-696

W (A2)
Y-Fe(h) cr4 a= 366.60 [85VilJ;powder pattern:

911<T<1392 Fm3 AST file card # 31-619

Cu (Al)

FSi cF16 a= 560.8 [85Vil];powder pattern:

Fm. ASTM file card # 11-616

BiF2 (DO)
FeSi hP6 a= 405.2 [85Vill;

T>1044 Ps.l c= 508.55

FeSi2  hP16 a= 675.52 [85Vill;powder pattern:

825<T<1056 P6/icM c= 471.74 ASTH file card # 38-438

Nk Sis (D86
FeSi cP8 a= 448.91 [85VilI;powder pattern:

P2 3  ASTH file card # 38-1397

FeSi (B20)

FeS(r) oC48 a= 986.3 [85Vil];powder pattern:

T<986 Coca b= 779.1 ASTh file card # 20-532

ca 783.3

VeSi (h) tP3 a= 269.5 (85Vill;powder pattern:

(FeSi..) P4/mm. c= 509.0 ASTN file card # 22-1113

T>955 35-822

Fe4 N cP5 a= 379.70 [85Vill;powder pattern:

T<680 pmm ASTH file card # 6-627

Fe6N (L-1)

C -Ir% hP3 a= 270.5 [8S5Vil]powder pattern:

T<500 P6,/nmc c= 437.6 AST file card # 1-1236

r. 3 (L'3) 3-925
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?ab.24.1 cont.

81 CF8 a= 542.86 [S5Vilj;powder pattern:

7d~u hSTH file card # 5-565

C (A4)

o-SyIM hP2S a= 781.8 (S5ilJlpowder pattern:

131c c= 559.1 ASTM file card # 9-250

SJ3N4

f-SV,4  hPl4 a= 760.8 [85vi1J;powder pattern:

P62/n c= 291.1 ASTK file card # 29-1132

SS 2 1 N 4 33-1160

Yig.24.1: Phase diagram of the boundary system iron -silicon
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71g.24.2: Isothermal section observed in the system re $ I-
at 9000C (in the absence of external nitrogen pressure)
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Fig.24.3: Isothermal section obsezved In the system Fe - 81 - N
at 21506C (in the absence of external nitrogen pressure)
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SYSTEM RUTHENIUM - SILICON - NITROGEN (Ru-Si-H)

INTRODUCTION/ PRIMENTAL

Phase equilibria of Ru-Si-N at 10006C and 12500C were determined

by x-ray analysis [SSWeil.The alloys investigated were prepared

using powders of M.N. (mixture of a-si3N and 1?-SiN,,58 at% Si,

from Alpha Div.,Ventron Corp.,USA),silicon (purity: 3N,fron Alpha

Div.,Ventron Corp. USA) and ruthenium (purity: 3N;from Engelhard Ind.

Div.,USA).Mixtures of these powders and/or of powdered master alloys

made thereof by arc melting were cold pressed and annealed in

evacuated quartz tubes lined with No foil at 10000C (170h) and 11000 C

(up to 500h) folled by water quench.Heat treatments at higher tempe-

retures (up to 1330 0C,72h) were conducted in alumina crucibles placed

in an rf-furnace under id'Pa high purity (SN) argon.Gas quenching

after rf-treatment can be considered moderate only.

BINARY SYSTEMS

The phase diagram for the binary system Ru-Si (fig.25.1) was

redetermined by [88WeiJ.No phase diagrams for the systems Ru-Si or

Si-N resp. are reported.S11 N. occurs in two modifications: ;-Si.N

and f?-SJ 2N4.Crystal structure data for the solid phases are listed

In tab.25.1. The solubility of nitrogen in silicon as well as in

ruthenium is very low [76Fro].

SOLID PHASES / ISOTHRMAL SECTIONS

No ternary phase exists in Ru-Si-N (tab.25.1).Two isothermal

sections are reported [$$Wei]: In the absence of external nitrogen

partial pressure SJ6X, is found to coexist at 1000oC with all binary

silicides stable at this temperature and with Ru (fig.25.2).At

1250oC 81N, coexists with RuSi, and RuSi but is decomposed by

by alloys more rich in ruthenium (fig.25.3).Under pure argon the

onset of this decomposition reaction is observed at 1210 ± 100c

[SSwei].Lattice parameters -of neither ruthenium silicide coexisting

with $IOU or N. gas are altered with respect to the values of the

pure binary alloys indicating virtual insolubility of nitrogen in

ruthenium sulcides.
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Table 25.1: Solid phases in the system Ru - Si - N

Phase I Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pE)

Ru hP2 a= 270.0 [85Vil];powder pattern:

P6/mmc c= 427.5 ASTM file card # 6-663

W (A2)

RSi oP12 a= 527.9 [85vill;powder pattern:

1255<T<2505 Pnma b= 400.5 ASTH file card # 14-334

CcSi (C23) c= 741.8

RlSis oP16 as 524.6 [85Vil];

1330<T<1550 Pbam b= 981.5

RlGe. c= 402.3

RuSia  oP28 a= 519.36 [85Vil];

Pnma b= 402.16

Rh, Sia  c= 1734.3

RuSi cP2 a= 290.9 (85Vil];powder pattern:

(Ru rich) Pm:U ASTH4 file card # 10-213

CsCl (Bi)

RuSi cPs a= 470.3 (85Vil];powder pattern:

(Ru poor) P2 3 AST4 file card # 18-1140

FeSi (B20)

R%813 tPO a= 1107.5 [85Vill;powder pattern:

P~c2 c= 895.4 ASTM file card # 32-978

R S%
Si cFS a= 542.86 (85Vil];powder pattern:

Fd~n ASYM file card # 5-565

C (A4)

-SJN 4  hP28 a= 781.8 [85Vil];powder pattern:

P31c c= 559.1 ASTH file card # 9-250

hP14 a= 760.8 [85Vil];powder pattern:

P62/0 cm 291.1 ASTM file card # 29-1132

4s8 33-1160
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Iig.25.2: Isothermal section observed in the system Ru - Si - N
at 10000C (in the absence of external nitrogen pressure)
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Fig.25.3: Isothermal section observed in the system Ru -si -

at 12500C (under argon)
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SYSTEM COBALT - SILICON - NITROGEN (Co-Si-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria of Co-Si-N between 10000 C were determined by

x-ray analysis [87Wei].The alloys investigated were prepared using

powders of SJN, (mixture of *-Sis N. and P-Sis N,58 at% Si, from

Alpha Div.,Ventron Corp.,USA),silicon (purity: 3N, from Alpha

Div.,Ventron Corp.,USA) and cobalt (purity: 2N8,impurities

in ppm: Fe<500,Ni<500,Mn<50,Cu<50; from Fluka AG,Switzerland).Cold

pressed mixtures of these powders and/or of powders of master alloys

made thereof were sealed in.evacuated quartz tubes lined with Mo

foilheat treated at 10000 C,170h and quenched.

BINARY SYSTEMS

The phase diagram for the binary system Co-Si in [86Mas] is a

reproduction of [58Han],the Co rich section of which needs to be

modified (fig.26.1) according to (72Boo] and [73Koe].No phase

diagrams are reported for the systems Co-N or Si-N.None of the cobalt

nitrides reported (tab.26.1) is stable at 1000oC,p(tj) 10Pa [87Wei].
S1N4 occurs in two modifications: ;4-Si2N and 0-Si N.

Crystal structure data for the solid phases are listed in tab.26.1.

The solubility of nitrogen in silicon as well as in cobalt is very

low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase exists in Co-Si-N (tab.26.1).In the absence of
external nitrogen partial pressure Si.N4 is found to coexist at 10000 C
with all binary silicides stable at this temperature and with c-Co

(fig.26.2).under pure argon the onset of the decomposition of Si.N

In contact with Co is observed at 1170 0C [87Wei].This agrees with

earlierjust qualitative observations (66Mue][66Yas].Lattice parameters
of neither cobalt silicide coexisting with S N4 or N. gas are altered

with respect to the values of the pure binary alloys indicating

virtual insolubility of nitrogen in cobalt silicides.
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using the thermodynamic data in tab.26.2 the nitrogen pressures

for the invariant equilibria occurring at 10000C are calculated

(tab.26.3).The resulting tie lines are consistent with the observed

isothermal sections (figs .26 .2).

MISCELLANEOUS

Wetting angles of the sulicides CoSi and "Cog Siu on Si.N. are
reported to be 8= 620 and 8= 400 reap. under vacuum [73-iChal.
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Table 26.1: Solid phases'in the system Co -Si -N

Phase /Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

.A-Co(h) cF4 a= 354.46 (85VilJlpowder pattern:
T>410 Fuss ASTE file card # 15-806

Cu (Al)
s-Co(r) hP2 a= 250.71 [BSVilJ;powder pattern:
T<420 P6,/mmc c= 406.95 ASTI file card # 5-727

Mg (A3)

CcJ Si (h) t** a= 842 (85Vi1I;
1293<T<1224 c= 581

CcSi(r) oPl2 a= 491.8 [85Vi1J;powder pattern:
T<2238 Prima b= 373.8 AST4 file card # 4-S47

Cq2Si. (C23) c= 710.9

C% Si (h)
T>2238

CoSi cps a= 444.26 [85Vil];powder pattern:

P2k3  ASTM file card # 8-362
FeSi (B20)

Cosi2  c712 a= 536.5 (85VilJ;powder pattern:

7am3 ASTK file card # 8-344
Ca, (Cl) 38-1449

C 4 N C** a= 373.8 [S5VilJ

CqN hP* a= 274.6 [S5Vil];powder pattern:
C= 432.2 AST4 file card # 6-691

CQJN oP6 a= 460.56 [B5VilJ;powder pattern:
Pun. b= 434.43 ASTK file card # 6-647

FezC c= 285.35
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Tab.26.1 continued

Si crB a= 542.86 [BSVIlJ;powder pattern:

rd~fm ASYK file card # 5-565

C (A4)
-SM4hP28 a= 781.8 [85Vi1J;powder pattern:

P31c c= 559.1 ASTX file card # 9-250

SlaV'

17-SlaN4 hP14 a= 760.8 [8SVilJ;Powder pattern:
P62/m c= 291.1 AST4 file card # 29-1132

SJSN4  33-1260

Tab.26.2: Thermochemical data for the solid phases in Co -Si - N

phase tAG? [J/grauaatomJ Coment

.1429 S13N4  -124602 + 57.95 T [76Frol

.3333 CoSi. -32900 + 1.2 T [73-2CbaI

.5000 cool -47500 -3.1 T [73-2chaJ

.3333 CQ~8i(r) -37700 -0.0 T [73-2ChaJ

.2500 CQSi .~E=-28450 [84PasJ
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Tab.26.3: Calculated invariant equilibria in Co -Si -N at 1000@C

p(p,~) (Pa) Reaction

5 xo1 Si 4= 3Si +2;
14 10-SixN +6 Co Si. =9Co. ~Si~ +2 1

29.3 SV, + 9Co.,w.s s = 12 Co .5 Si.5 +.2 ;
....... S1N~ + 12.275 -'-Co(s.s.l7at% Si)=

15.275 Co. 40Si* gas+ 2 N2
........ SiN 4 + 264 Ca-Co(s.s.llat% Si) =

267 £-Co(u.s.12at% Si) +- 2 N2
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rig. 26. 1: Phase diagram of the boundary system co - 91
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Irig.26. 2: Isothermal section observed In the system CO 81i N
at 10000C (in the absence of external nitrogen pressure)
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SYSTEM UOI0VJt - SILICON - NITROGEN (Rth-Si-N)

INTRODUCTION/EIPERIMENTAL

An Isothermal section in derived for 12500C.Two ternary alloys
were prepared using powders of S 1 N4 (mixture of a-Si.N. and i3-5J3 N,
58 at% Si),silicon (purity:3N),both from Alpha Div. ,Ventron Corp. ,USA
and rhodium (purity: 33; from Degussa, FRG) .Cold pressed mixtures of
these powders and/or of powders of master alloys made thereof were heat
treated at 22500C,72h in alumina crucibles placed in an rf-furnace
under 2OPa high purity (SN) argon.Gas quenching after rf-treatment
can be considered moderate only.

BINARY SYSTEMS

The phase diagram for the system Rh-Si due to [B5Sch] is reproduced

in [761ofJ.Structural data for the intermediate phases are listed in
tab.27.1.No phase diagrams are reported for the systems Rh-N os Si-N.

S12N, occurs in two modifications: a-Si.N. and 17-Si 3 .Crystal struc-
ture data for the solid phases are listed in tab.27.1. The solubility

of nitrogen in silicon as well as rhodium is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECT'IONS

No ternary phase Is observed in Rh-Si-N (tab.27.1).At 22500C three

rhodium silicides are stable (fig.27.1).Under argon Si NL is f ound to
coexist at this temperature with RhSi but not with R%~Si,Rh2 Si or
rhodium (fig. 27.2) .In accordance with the rather moderate quenching

rate RhSi(x) rather than RhSi(h) Is observed.
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Tab.27.l: Solid phases in the system Rh -Si -N

Phase /Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (*C) Prototype (PE)

Rh c74 a- 380.34 [SSVill;powder pattern:
rm!. ASTK file card # S-685

Cu (AI)
RISi oPl2 a= 540.8 (85VilJ;powder pattern:

Puma b= 393 AST4 file card # 37-1316

CQASi (C23) c= 738.3
RISia oP16 a= 531.7 (B5VilJ;powder pattern:

Pbas b= 1013.1 ASTM file card # 37-1317

Rb. Ge. c= 389.5

Rh , hP34 a= 1185.1 [85VilJ;powder pattern:
1050<T<2225 P62 / c= 362.3 ASTM file card # 37-1318
Rh5 Si2 hP6 a= 394.2 (S5VilJ;powder pattern:
T<820 P%/mmC c= 504.7 given in [B5SchJ

InNi2 (BS2)
RhSi(h) cps a= 467.4 [85VilJ
T>1030 P21 3

(Rh rich.' Fe~i (320)

RhSi(x) up* a= 458.8 martens.transf. RhSi(h)

P k/c b= 456.8 [BS8chJ;powder pattern:

c= 553.6 ASTK file card # 38-999

A~m 115.92
MUM~r oPe a= 553.1 (S5VilJ;powder pattern:
T<10S0 Puma b= 306.3 ASTK file card # 35-1075
(Si rich) IMP (331) c= 636.2

R4SSMPHS a= 1233.5 [B5VilJ;powder pattern:

P21/ b= 350.8 ASTN file card # 35-1076

R14SIz c- 592.4

132 100.18
Rh*81i6 oP2S an 1881.0 [B5VilJ;powder pattern:

Puma b= 361.4 AST4 file card # 35-1077

RI~i4ca 581.3
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Tab. 27.1 continued

8i cF8 as 542.86 (85V:1];powder pattern:

FdSN ASMN file card # 5-565

C (A4)
-8 s 4  hP28 a= 781.8 [85Vil];powder pattern:

P31c c= 559.1 AST file card # 9-250

SJAN
hP14 a= 760.8 (85Vill;powder pattern:

P62/m c= 291.1 ASTK file card # 29-1132

8JIN, 33-1160
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rig.27.2: Isothermal section observed in the system Rh -Si- R
at 22500C (under argon)

N

80

400

200

Si 20 RhSO() Rh5Si3  Rh2Si Rh
(it % Rh
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SYSTEM NICKEL - SILICON - NITROGEN (Ni-Si-N)

INTRODUCTION / EXPERIMENTAL

Phase equilibria of Ni-Si-N at 900oC were determined by x-ray
analysis [87Weil.The alloys investigated were prepared using powders

of S1N 4 (mixture of a-Si.N. and (-Si N 58 at% Si),silicon (purity:
3N) and nickel (purity: 3N) all from Alpha Div.,Ventron Corp.,USA.

Cold pressed mixtures of these powders and/or of powders of master
alloys made thereof were sealed in evacuated quartz tubes lined with
Mo foilheat treated at 9000C,340h and quenched.

BINARY SYSTEMS

The phase diagrams for the binary systems Ni-Si as well as Ni-N
are given in [86Mas].The system Ni-Si was thermodynamically modelled
[86MeyJ,[87Mey].No phase diagram for the system Si-N is reported.
S1N, occurs in two modifications: :-Si. . and /?-Si3 N, .Crystal struc-
ture data for the solid phases are listed in tab.28.1. The solubility
of nitrogen in silicon as well as nickel is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase exists in Ni-Si-N (tab.28.1).In the absence of
external nitrogen partial pressure S. N. is found to coexist at

9006C with all binary silicides stable at this temperature and with

Ni (fig.28.1).Under pure argon the onset of the decomposition of

S1 N by nickel in observed at 1170 ± 100C [87Wei].This agrees with

earlier,just qualitative observations [66Mue][66Yas][69Fel][9Ben]

and is consistent with t89Bri].Lattice parameters of neither nickel

silicide coexisting with Sia N or N. gas are altered with respect to

the values of the pure binary alloys indicating virtual insolubility

of nitrogen in nickel silicides.

Using the thermodynamic data in tab.28.2 the nitrogen pressures

for the Invariant equilibria occurring at 9000 C are calculated
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(tab.2S.3).The resulting tie lines are consistent vith the observed

isothermal section (figs.28.1)

MISCELLANEOUS

The wetting angle under vacuum between Si N and Ni2 Si is reported
to be 8= 1080 (at 14500C)[73Cha).
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Table 28.1: Solid phases in the system Ni - Si - N

Phase /Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

Ni cF4 a= 352.32 [BSVilJ;powder pattern:
Pass ASTN file card # 4-850
Cu (Al)

N1 Si (r) cM4 a= 350.4 [B5VilJ;powder pattern:

(Ni2VSiV) pass given in [390sa]
T<1031 CuAu (Li.)
NiaSi (h) cP2 a= 280.8 [BSVilJ;

2114<T<1164 P.-3m

NiqSi(h) hP* a= 669.8 cited as NiS.7S113in I85Vi1I
(NA25SI9 ) c= 2885.5 powder pattern: in [79E111
987<Tc 1114

Ni3I1i hP43 a= 667.1 [85VilJ;powder pattern:

(NI..Si2) P321 c= 1228.8 AST14 file card # 17-222
Nis, Sk2 24-524

N Si (r) oP12 a= 500 185Vil];powder pattern:
T<1217 Proa b= 373 AST4 file card # 3-943

CQJSi (C23) c= 704
NJ2 Si(h) hP6 a= 380.5 [85VilJ;powder pattern:
(Nis S 2 (b)) P6,/n c= 489.0 AST4 file card #3-1069
T>806

Nis Si (r) OCSO a= 1222.9 [85VilJ;powder pattern:
T<843 Cmc2, b= 1080.5 ASTE file card # 17-881

Nissia c= 692.4
Nisi oPS a= 518 [85VilJ;powder pattern:

Pnma b= 334 ASTM file card # 38-844
MnP (B32) c= 562

NisS cF12 a=540.6 [B5Vilj;powder pattern:
ra5. given in t390sa1

Ca, (Cl)
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Tab.28.1 continued

31,43 cP5 a= 374.0 [85vilJ;powder pattern:
POS. AST4 file card # 36-1300

reN (L 11)
3N4 t a= 372 [85VilJ;povder pattern:

c= 728 given in (83DorI
NJ:,N tiP' a= 460.7 [B5VilJ;povder pattern:
T<400 in Ij P6.22 or P312 c= 430.4 ASTM file card # 10-280

Si cps a= 542.86 [85VilI;powder pattern:
Fd3.m ASTM file card # 5-565

C (A4)

-SZ4hP28 a= 781.8 [85VilJ;powder pattern:
P31c c= 559.1 ASTM file card # 9-250

S1,N 4
(-S:61% tiPil a= 760.8 (85Vi1J;powder pattern:

P63/u c= 291.1 ASTH file card # 29-1132
S1aN~ 33-1160
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Tab.28.2: Thermochemical data for the solid phases in Ni - Si - x

phase AGO (J/grauatom] Comment

.1429 S:,N 4  -124602 + 57.95 T [76Fro J

.3333 NiSik(r) -36159.2 +154.02 T -25.02 T lmT -. 00185 +? 180498/T LB6MeyJ

.5000 NiSi -42442.1 +145.95 T -24.38 T lmT -. 00153 qI+262967/T t86Mey]

.2000 Ni SSk(r)-45996.1 .146.93 T -24.55 T InT -. 00222 TF +116002/T EB7IMey]

.3333 N1ISi(h) -45666.1 .146.28 T -24.71 T InT -.00292 *P 69036/T [8614ey)
&C1172for 36=0.4: -81000 (at 1173K) (estimated from plot xf VS. x-S)

.3333 Ni Si(r) -47668.2 +132.10 T -22.19 T lnT -.00486 e+ 69036/T (B7Mey]

.1429 NJ..Si2  -49358.8 +149.68 T -24.76 T lmT -.00303 TF+ 60407/T [B6Mey]

.2500 NI Si(h')-47SO1.4 +150.00 T -24.81 T lnT -.00313 T2 + 51777/T [B6MeyJ

(NJ25 Sip )

.2500 N1 Si(h) -42985.5 +146.55 T -24.81 T lnT -.00313 '2 + 51777/T (86Mey]

.2500 N1 Si(r) -49261.6 +151.64 T -24.81.T InT -.00313 '2+ 51777/T (86)4ey]

(Nlk0SiQ )

Ni(s.s.l2at% Si) -76000 (at 1173K) (estimated from plot .4Zvs . x-.

Tab.28.3: Calculated invariant equilibria in Ni - Si - N at 9000C

P(N2 ) (Pa) Reaction

0.25-' 10 - Six N = 3 Si + 2 N2~

.16 SJ 6 6Ni .5Si.5 = 9 Niau2Si. 61+ 2 N

.2 SJII4 + 15 Ni*8a Si = h 18 Ni. 5Si 5 + 2 N2
1.6 51:U, + 27 Ni.,w 7Si. 332 (r) =30 Ni. Si 4(h) + 2 Nz
77 S1 N4 + 36.855 Ni. 7 2 1 Si.2 7 0

39.855 Ni. 4 Si.~3 (r) + 2 Nz
6.7 x 10 ~ Si N + 51.216 N' 71S. -3

2 54..219 Ni 72 1 Si. 2 70 + 2 N2
9 x 102 Sis N + 19.564 Ni(s.s.l2at%Si)

22.564 Ni. 09 Si. 3 - + 2 NZ
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Fig.28.1: Isothermal section observed in the system Ni -Si-N

at 9006C (in the absence of external nitrogen pressure)
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SYSTEM COPPER - SILICON - NITROGEN (Cu-Si-N)

INTRODUCTION / EXPERIMENTAL

The phase equilibria of Cu-Si-N at 7000C were determined by X-ray

analysis [90Wei].The 8 alloys investigated were prepared by annealing in

evacuated quartz tubes cold pressed powder mixtures of Si,1(mixture of
-S N, and 0-Si N,;58 at% Si;from Alpha Div.,Ventron Corp.,USA) and

Cu or arc melted Cu-Si alloys resp.(Cu powder,3N,from E.Merck A.G.,FRG;

Cu rods,5N+,from Ventron GmbH,FRG; Si powder,m4N,from Fluka AG,Buchs,

Switzerland).

BINARY SYSTEMS

The phase diagram for the system Cu-Si is given in [86Mas].No phase

diagrams exist in the literature for Cu-N and Si-N.In the system Cu-N
three intermediate phases are reported to exist: The most stable of

these,CN (tab.29.1), decomposes around/above 310 0C (in hydrogen

atmosphere) 84Bai).Two azides,CuN. and CuN,were systhesized at room

temperature [48Wil],(68Soe].Silicon nitride exists in two modifications:
a-S N, and P-Si.N4 (tab.29.1).The solubility of nitrogen in copper

as well as in silicon is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase is observed in Cu-Si-N at 7000C (tab.29.1).

Fig.29.1 shows the isothermal section at 700 0C in the absence of

external nitrogen pressure.Cu as well as all binary Cu-silicides

stable at 7000C coexist with Si N .This is in agreement with earlier

data [69Felj,[75Lei].Lattice parameter measurements indicate

insolubility of nitrogen in Cu or any of the Cu silicides nor of Cu

in S1,N 4.

MISCELLANEOUS

Liquid copper does not wet SIN, ( e= 144±100 under vacuum (66Yas],
[66MueJ,[87NakJ,[Lju],[Tom])."
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Table 29.1: Solid phases in the system Cu - Si - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (oC) Prototype (p)

Cu cF4 am 361.48 [85VilJ;powder pattern:
Fmn3m ASTM file card # 4-836

Cu (Al)
U-Cu Si hP2 a= 255.99 [85Vi1]; at 12 at% Si

552<T<842 P63 /mmc c= 418.49

Mg (A3)

O-Cu6Si(h) c12 a= 285.4 (85Vi1]

T>785 Im3m

W (A2)
r-Cu5Si(r) cP20 a= 622.3 [85VilJ;powder pattern:
T<729 P4132 ASTM file card # 4-841

(3Mn (A23)
6-CusSi(h) t** a= 881.5 (85Vil]

(CuISia ) c= 790.3

T>710
C-Cu 15 i (r) c176 a= 971.4 [85Vil;powder pattern:

T<800 I43d ASTM file card # 23-222

Cu1 Si4
1-CuxSi(h) hP72 a= 704.5 [85Vil]

558<T<859 c= 2195.0

n)4CuSSi(h) hR* a= 2540 (85Vil]

R3 c= 4420

7"Cu Si(r) t** a= 726.7 [85Vi1];powder pattern:

c= 789.2 ASTM file card # 23-224

C4N cP4 a= 381.3 [85Vil];powder pattern:

Pm3m ASTM file card # 2-1156

Re% (DO)
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Tab.29.1 continued

CUll, t132 a= 365.3 (85ilJlpowder pattern:
141/a c= 559.4 ASTN file card # 4-622

CUN4 oP28 a= 1348.1 C85ilIlpowder pattern:

Puma b= 308.4 AST4 file card # 21-281

c= 907.6

si cr8 az 542.86 [85Vi1J;powder pattern:

Fd~fm AST4 file card # 5-565

C (M4)

a-SiON4 hP2S a 781.8 (S5VilJ;powder pattern:

P3lc c= 559.1 ASTM file card # 9-250

(i-Si N hPl4 a= 760.8 (85Vi1);powder pattern:

P6,/n c= 291.1 ASTM file card # 29-1132

SimN 4  33-1160
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Fig.29.1: Isothermal section observed in the system Cu -Si -N

at 7006C
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SYSTEM SILVER - SILICON - NITROGEN (Ag-Si-N)

INTRODUCTION / EXPERIMENTAL

The phase equilibria of Ag-Si-N at 700oC and 900oC were determined

by x-ray analysis [90Weil.The alloys investigated were prepared by

annealing in evacuated quartz tubes cold pressed powder mixtures of

S:NV (mixture of a-Si. N,, and 0-SiN,,58 at% Si;from Alpha Div.,
Ventron Corp.,USA) and high purity ("puriss") Ag.

BINARY SYSTEMS

The equilibrium diagram for the simple eutectic (8450C,10 at%Si)
system Ag-Si is given in [86Mas].Structural data of two metastable

Ag-silicides are listed in [85VilJ.No phase diagram exists in the

literature for the systems Ag-N and Si-N.In the system Ag-N two
intermediate phases are reported (tab.30.1).Neither phase is stable

at 7000C or higher temperatures.Silicon nitride exists in two

modifications :a-Si N4 and 0-Si N (tab.30.1).The solubility of
nitrogen in silver as well as in silicon is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase is observed in Ag-Si-N at 7000C or 9000C (tab.30.1).

Fig.30.1 shows the isothermal section at 9000C :Ag coexists with SiN 4

in equilibrium confirming earlier data [66Mue].Lattice parameter

measurements indicate mutual insolubility of Ag and S.Na.

MISCELLANEOUS

Liquid silver does not wet SIJN [69Fell ( 145±100 under vacuum
[66Mue],[87Nak],[89LJu].
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Table 30.1: Solid phases in the system Ag -Si -N

Phase /Pearson symbol/ Lattice CommentsA

Temperature Space group / Parameters

Range (OC) Prototype (pm)

Ag cF4 a= 408.53 (85Vil];powder pattern:

Fmsm ASTH file card # 4-783

Cu (Al).

AgON cF* a= 437.8 [85Vil]

AgN3  01* a= 561.7 [85Vil];powder pattern:

b= 591.46 ASTH file card # 3-906

c= 600.57

Si cF8 a= 542.86 [85Vi1];powder pattern:

FdSm ASTM file card # 5-565

C (M4)

. Sa hP28 a= 781.8 [85Vil];powder pattern:

P31c C= 559.1 ASTM file card # 9-250

S1 N4

fl-SiDN N hPl4 a= 760.8 [85Vil];powder pattern:

P62/m c= 291.1 ASTM file card # 29-1132

SiSN 4  33-1160
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Fig.30.1 isothermal section observed in the system Ag -Si -N

at 9000C
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SYSTEM GOLD - SILICON - NITROGEN (Au-Si-N)

INTRODUCTION / EXPERIMENTAL

The phase equilibria of Au-Si-N at 9000C were determined by X-ray

analysis [90Wel].The alloys investigated were prepared by annealing

in evacuated quartz tubes cold pressed powder mixtures of S12N.

(mixture of *-SN 4 and t?-Si 2N,;58 at% Si;from Alpha Div.,Ventron

Corp.,USA) and high purity ("puriss.") Au.

BINARY SYSTEMS

The equilibrium diagram for the simple eutectic (3630C,18.6 at% Si)

system Au-Si is given in [86Mas].The existence of several metastable

Au-silicides is reported [85Vil],[81TsaJ.No phase diagrams exist in

the literature for the systems Au-N and Si-N.In the System Au-N no

intermediate phase is reported (840ka].Silicon nitride exists in two

modifications: a-S.N. and P-Si.N. (tab.31.1).The solubility of nitrogen

in gold [840ka] as well as in silicon [76Fro] is very low.

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase is observed in Au-Si-N at 900 0C (tab.31.1).Fig.31.1

shows the isothermal section at 9000C : Confirming earlier data [69FelI

Au and SiN, coexist in equilibrium.It should be noted,however,that

mechanical stress in thin films of Au deposited on Si N can cause the

formation the metastable phase ASi. (hex.,a=938.2pmc=1545.9pm [81Tsa];

powder pattern: ASTM file card # 36-938) upon the partial decomposition

of Si . at low nitrogen partial pressure t?89Ede].Lattice parameter

measurements indicate mutual insolubility of Au and Si.N .

MISCELLANEOUS

Gold does not wet silicon nitride (e= 1570) [89Lju].
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I
Table 31.1: Solid phases at in the system Au - Si - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

Au cF4 a= 407.89 [85Vil];powder pattern:

Fm3m ASTM file card # 4-784

Cu (Al)

Si cF8 a= 542.86 [85Vil];powder pattern:

PdSm ASTM file card # 5-565

C (A4)

a-Si3N4  hP28 a= 781.8 [85Vil];powder pattern:

P31c c= 559.1 ASTM file card # 9-250

(1-SiN hP14 a= 760.8 (85Vil];powder pattern:

P62/m c= 291.1 ASTM file card # 29-1132

Si3 N4  33-1160
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Fig.31.1: Isothermal section observed in the system Au -Si - N
at 9000C
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SYSTEM ZINC- SILICON - NITROGEN (Zn-Si-N)

INTRODUCTION / EXPERIMENTAL

The phase equilibria of Zn-Si-N at 3500C were determined by x-ray
analysis [90Wei].The alloys investigated were prepared by annealing in
evacuated quartz tubes cold pressed powder mixtures of Si N (mixture
of o'-51 1N, and (3-S1 ;58 at% Si;from Alpha Div.,Ventron Corp.,USA)
and Zn (m3N+,from.Alpha Div.,Ventron Corp.,USA).

BINARY SYSTEMS

The phase diagram for the. simple eutectic (419.3 0C,0.045 at% Si)
system Zn-Si is given in [86Mas].No Phase diagrams exist in the

literature for Zn-N and Si-N.In the system Zn-N the phase Zni
(tab.32.1) exists up to 7000C [88Wri].For the azide ZnN6 ,which
decomposes around 3000C [88WriJ,two structures are reported (tab.32.1).
Silicon nitride exists in two modifications: c-SN, and (-Si 3N4
(tab.32.1).The solubility of nitrogen in zinc [88Wri] as well as in

silicon [76FroJ is very low.

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase is observed in Zn-Si-N at 350 0C (tab.32.1).
Fig.32.1 shows the isothermal section at 350 0C : Confirming earlier

data [65Yas],[69Fel] Zn coexists with Si N in equilibrium.Lattice
parameter measurements indicate mutual insolubility of Zn and SN 4.

MISCELLANEOUS

Liquid zinc does not wet Si.N. [66Mue].
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Table 32.1: Solid phases in the system Zn -Si - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (OC) Prototype (pm)

Zn hP2 a= 266.46 [B5Vil];powder pattern:

P62/mac c= 494.61 ASTK file card # 4-831

Mg (M3)

Z,,c180 a= 976.3 (B5VilJ;powder pattern:

1a3 AST4 file card # 35-762

Mj 02 (D52)
*-ZnN. oP36 a= 1098 [B5Vil);powder pattern:

P2221  b= 692 ASTM file card # 30-1473

c= 1633

t3-ZnN0a o*28 a= 735 [8BWriJ;powder pattern:

b= 437 ASTM file card # 23-740

c= 1523
Si cF8 a= 542.86 (S5Vil];powder pattern:

Fd~fm ASTM file card # 5-565

C (A4)

a-iNhP28 a= 781.8 [85Vi1];powder pattern:

P32c c= 559.1 ASTM file card # 9-250

Sig N4
fl-8±3114 hP14 a= 760.8 [S5vilJ;powder pattern:

P6,/n c= 291.1 ASTH file card # 29-1132

Sigh4  33-1160
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Fig.32.1 Isothermal section observed in the system Zn - Si - N

at 3500C
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SYSTEM CADMIUM - SILICON - NITROGEN (Cd-Si-N)

INTRODUCTION / EXPERIMENTAL

The phase equilibria of Cd-Si-N at 3006C were determined by X-ray

analysis [9OWei].The alloys investigated were prepared by annealing

in evacuated quartz tubes cold pressed powder mixtures of SJ.N.
(mixture of a -SIN 4 an '-iN;58 at% Si;from Alpha Div.,Ventron

Corp.,USA) and Cd (3Nfrom Alpha Div. ,Ventron Corp.,USA).

BINARY SYSTEMS

The phase diagram for the simple eutectic (320 0 C,0.135 at% Si)
system Cd-Si is given in [S6tMas].No phase diagram exists in the

lit erature for Cd-N and Si-N.The nitride Cdtj (tab.33.1) decomposes
at 180 0 C in an atmosphere of N%~ (pressure not specified) [88Wri].The
azide CdNj decomposes around 100 0 C [BSWri].Silicon nitride exists in

two modifications: cx-S1JN, and (0-Si.N. (tab.33.l).The solubility of
nitrogen in cadmium [BBWri] as well as in silicon [76Fro] is very low.

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase is observed in Cd-Si-N at 3000C (tab.33.1).

Fig.33.1 shows the isothermal section at 3000C : Confirming earlier

data [65Yas],(69Fel] Cd coexists with S1,N. in equilibrium. Lattice
parameter measuremcnts indicate mutual insolubility of Cd and S1 N1,.

MISCELLANEOUS

Liquid cadmium does not wet S12N4 8 1570 under vacuum [66MueJ).
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Table 33.1: Solid phases in the system Cd -Si - N

Phase /Pearson symbol/ Lattice Comments

Temperature Space Group / Parameters

Range (OC) Prototype (pm)

Cd hP2 a= 297.87 [85Vil];powder pattern:

P62/minc c= 561.66 AST4 file card # 5-674

Mg WA)

CdxN2  cISO a= 1081 [B5vilJ;powder pattern:

z a3 ASTM file card # 10-253

CdN ~ oP56 a= 782 [B5Vil]

Pbca b= 646

c= 1604

Si cF8 a= 542.86 [B5Vil];powder pattern:

Fd~fm ASTM file card # 5-565

C (AM)

ax-Si 3N hP28 a= 781.8 (85i1J;powder pattern:
P3lc c= 559.1 ASTM file card # 9-250

S 1a N,
(3-SiDN 4hPl4 a= 760.8 [B5Vil];powder pattern:

P63/in c= 291.1 ASTM file card # 29-1132

S13N4& 33-1160
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Fig.33.1 Isothermal section observed in the system Cd -Si -N

at 3000C
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SYSTEM ALUMINIUM - SILICON - NITROGEN (Al-Si-N)

INTRODUCTION / EXPERIMENTAL

The phase equilibria of Al-Si-N at 6000C were investigated by
x-ray analysis [90Wei], transmission electron microscopy (TEM) and
Auger electron spectroscopy (AES)[89Bre].The alloys investigated in
[90Wei] were prepared by annealing in evacuated quartz tubes cold
pressed powder mixtures of S1N 4 (mixture of a-Si.N. and P-Si.N.,
58 at% Si,from Alpha Div.,Ventron Corp.,USA), AIN (2N,from Koch Light
Lab. Ltd.,UK), silicon (m4N,from Fluka AG,Switzerland) and aluminium
(2NS,from Koch Light Lab. Ltd.,UK).

BINARY SYSTEMS

The phase diagrams for the systems Al-Si as well as Al-N are given
in [86Mas]. AIN is the only stable intermediate phase (tab.34.1).No
phase diagram is reported for Si-N. Si N exists in two modifications:
a-Si.N4 and P-Si N (tab.34.1).The solubility of nitrogen in aluminium
as well as in silicon is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase is observed in Al-Si-N (tab.34.1).Fig.34.1 shows
the isothermal section at 6000C in the absence of external nitrogen
pressure. Although expected from thermochemical data (76Fro],x-ray
data of samples prepared from Al + Si.N did not show the formation
of Si + AIN. However,the occurrence of this reaction was observed by
AES [893re] antd TEM [86Nak) [89Bre]: Around each grain of Al a thin
layer of AIN is formed acting as a diffusion barrierand retarding
further progress of the reaction.Thus the phases observed by x-ray
(fig.34.1) coexist in metastable equilibrium even after anneal for
several hundred hours.
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MISCELLANEOUS

The wetting angle of liquid aluminium on SiA~ is found to be

e1260 (66Muejd66Yas],[S7NakJ.However at temperatures above 11000C
Al wets S1 N 4 (&= 720) (89LJu],[89Tom).
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Table 34.1: Solid phases in the system Al - Si - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

Al cF4 a= 404.88 [85Vil];powder pattern:

Fm3m ASTM file card # 4-787

Cu (Al)

AlN hP4 a= 311.0 [85Vil];powder pattern:
P6. mc c= 498.0 ASTM file card # 25-1133

SZn (B4)

Si cF8 a= 542.86 [85Vil];powder pattern:

Fd3m ASTM file card # 5-565

C (A4)
a-Si3 N4 hP28 a= 781.8 [85Vil];powder pattern:

P31c c= 559.1 ASTM file card # 9-250

13-SiaN hP14 a= 760.8 [85Vil];powder pattern:
P63/m c= 291.1 ASTM file card # 29-1132

Si3N4 33-1160
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Fig.34.1: Isothermal section observed in the system Al - Si -N
at 6000C
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SYSTEM INDIUM -SILICON -NITROGEN (In-Si-N)

INTRODUCTION / EXPERIMENTAL

The phase equilibria of In-Si-N at 2200C were determined by x-ray

analysis [9OWei].The alloys investigated in this work were prepared by

annealing in evacuated quartz tubes cold pressed powder mixtures of

S16N. (mixture of at-Si N and t?-SiNlj 1 ,58 at% Si,from Alpha Div.,
Ventron Corp.,USA) and indium (4N,from Fluka AG,Switzerland).

B3INARY SYSTEMS

The phase diagrams for the system In-Si is given in [86MasJ.No

phase diagrams are reported for In-N or Si-N.The phase InN (tab.35.1)

decomposes at 680 0 C under 11?Pa Nz [38JuzJ,II87JonI.Si 3,N, exists in
two modifications: a-S1JN 4 and t?-SiN, (tab.35.l). The solubility of

nitrogen in silicon is very low [76Fro].

SOLID PHASES / ISOTHEFMAL SECTIONS

No ternary phase is observed in In-Si-N (tab.35.1). Fig.35.1 shows

the isothermal section at 1200C in the absence of external nitrogen

pressure.In agreement with thermochemical data [76Fro] indium coesists

with SiN in equilibrium. Latt ice parameter measurements indicate
mutual insolubility of In and Si N

MISCELLANEOUS

Indium does not wet silicon nitride L89Lju],dg0oel.
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Table 35.1: Solid phases in the system In - Si - N

Phase /Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

In t12 a= 325.12 (85Vil];powder pattern:

F4/mmm c= 494.67 ASTM file card # 5-642

In (A6)

InN hP4 a= 354.0 [85Vil];powder pattern:

P63 mc c= 570.4 ASTM file card # 2-1450

SZn (B4)

Si cF8 a= 542.86 (85Vil];powder pattern:

Fd:Fm ASTM file card # 5-565

C (A4)

c-Si N4 hP28 a= 781.8 [S5Vil];powder pattern:

P3lc c= 559.1 ASTM file card # 9-250

S12N 4

1?-SiN 4  hPl4 a= 760.8 [85VilJ;powder pattern:

P62/n c= 291.1 ASTM file card # 29-1132

Si 33-1160
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Fig.35.1: Isothermal section observed in the system in -Si -N

at 120 0C
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SYSTEM THALLIUM -SILICON - NITROGEN (Ti-Si-N)

INTRODUCTION / EXPERIMENTAL

The phase equilibria of Ti-si-N at 2000C were determined by x-ray
analysis (9OWeiJ.The alloys investigated in this work were prepared by
annealing in evacuated quartz tubes cold pressed powder mixtures of
Si:N 4 (mixture of ct-SiBN and ft-Si N 158 at% Si,from Alpha Div.,
Ventron Corp. ,USA) and thallium (4N,from Fluka AGSwitzerland).

BINARY SYSTEMS

The phase diagrams for the system Ti-si is given in [S6MasJ. No
phase diagrams exist in the literature for Ti-N or Si-N.The nitride
TiN is reported (tab.36.1) without further specification of its
stability with regard to temperature and nitrogen pressure.The azide
TiN, exists at least up to 225 0 C [73MauJ.Si.N. occurs in two
modif ications: a -S1 N, and (?-Si. N. (tab. 36. 1).The solubility of
nitrogen in silicon as well as in thallium is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase is observed in Ti-Si-N (tab.36.1). Fig.36.1 shows
the isothermal section at 2000C in the absence of external nitrogen
pressure: Ti coexists with S1 N. in equilibrium. Lattice parameter
measurements indicate mutual insolubility of TI and S2,N.
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Table 36.1: Solid phases in the system Ti Si -N

Phase /Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

a-T1(r) hP2 am 345.66 [B5VilJ;powder pattern:

T<2340C P63 /mc ct 552.48 AST4 file card # 30-1341

Mg (M3)

(3-Tic(h) c12 am 387.1 (85VilI;powder pattern:

T>2340C Im3m ASTM file card # 2-876

W (A2)

TiN hP4 am 368 (85Vi11

P63.mc cc 601

SZn (B4)

TlN,(htr) t116 am 620.8 (85Vil];powder pattern:

-25<T<225+ 14/mcm c= 735.5 ASTM file card # 21-1209

Si cF8 a= 542.86 [85Vil];powder pattern:

Fd3m ASTM file card 4 5-565

C (M4)

*-SiaN4 hP28 a= 781.8 [85Vilj;powder pattern:

P31c ct 559.1 ASTM file card # 9-250

S: N4

OSaN4hP14 a= 760.8 [B5VilJ;powder pattern:

P6, /m cc 291.1 ASTN file card # 29-1132

SivN 4  33-1160
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Fig.36.1: Isothermal section observed in the system Ti Si -N
at 2000C
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SYSTEM TIN -SILICON -NITROGEN (Sn-Si-N)

INTRODUCTION / EXPERIMENTAL

The phase equilibria of Sn-Si-N at 2000C were determined by x-ray
analysis [9OWei].The alloys investigated in this work were prepared by
annealing in evacuated quartz tubes cold pressed powder mixtures of
SIUIN. (mixture of *-SiN, and t?-Si,, 4 58 at% Sifrom Alpha Div.,
Ventron Corp.,USA) and tin (5N,from Alpha Div.,Ventron Corp.,USA).

BINARY SYSTEMS

The phase diagrams for the-system Si-Sn is given in [8614as]. No
phase diagrams exist in the literature for Sn-N or Si-N.S1 N. exists
in two modifications: =-SI.N. and (?-Si.N4 (tab.37.l).The solubility of
nitrogen in silicon as well as in tin is very low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase is observed in Sn-Si-N (tab.37.1). Fig.37.1 shows
the isothermal section at 200 0C in the absence of external nitrogen
pressure: Sri coexists with S51N. in equilibrium. This agrees with
caller literature [65Yas], [69Fel] .Lattice parameter measurements

indicate mutual insolubility of tin and Si.N.

MISCELLANEOUS

The wetting angle of liquid tin on Si aN is reported to be
6: 55±15@(663ue]18[9Lju],[B9TomI,(9OLoeJ.
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Table 37.1: Solid phases in the system Sn - Si - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (oC) Prototype (pm)

1-Sn t14 a= 583.15 [85Vilj;powder pattern:

T>13oC I4,/amd c= 318.14 ASTM file card # 4-673

(-Sn (As)
Si cr8 a= 542.86 [85Vil];powder pattern:

Fdfl ASTM file card # 5-565

C (A4)

a-SiON 4  hP28 a= 781.8 [85VllJ;powder pattern:

P31c c= 559.1 ASTM file card # 9-250

0-313N4  hP14 a= 760.8 [85Vill;powder pattern:

P6,/8 cz 291.1 ASTM file card # 29-1132

XiX 4  33-1160
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riq.37.1: Isothermal section observed in the system Sn Si -N

at 2000C
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SYSTEM LEAD - SILICON - NITROGEN (Pb-Si-N)

INTRODUCTION / EXPERIMENTAL

The phase equilibria of Pb-Si-N at 2000C were determined by x-ray

analysis [90Wei].The alloys investigated in this work were prepared by

annealing in evacuated quartz tubes cold pressed powder mixtures of

S1N 4 (mixture of c-Sig N and t3-SiN,,,58 at% Si,from Alpha Div.,

Ventron Corp.,USA) and lead (2NS,from Alpha Div.,Ventron Corp.,USA).

BINARY SYSTEMS

The phase diagrams for the system Pb-Si is given in [86Mas]. No
phase diagrams exist in the literature for Pb-N or Si-N.The azide

PbN, (tab.38.1) decomposes upon aging at room temperature as well

as upon heating to 128 0C.S1NV exists in two modifications: a-Si.N
andfl-S,N, (tab.38.1).The solubility of nitrogen in silizon as well
as in lead is very low [76FroI.

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase is observed in Pb-Si-N (tab.38.1). Fig.38.1 shows

the isothermal section at 200 0C in the absence of external nitrogen

pressure: Pb coexists with Si.a in equilibrium.This agrees with
ealier literature [60Coo],[65Yas],[69Fel],[77Ash].Lattice parameter

measurements indicate mutual insolubility of lead and Si.N .

MISCELLANEOUS

The wetting angle of liquid lead on SIN 4 Is reported to be e= 1590
[66Mue].
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Table 38.1: Solid phases in the system Pb - Si - N

Phase / Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

Pb cF4 a= 495.07 [S5Vil];powder pattern:

Fm~m ASTM file card # 4-686

Cu (Al)

PbN'6  oP84 a= 663 (85Vil];powder pattern:

Pnma b= 1625 ASTM file card # 14-629

cu 1131 24-82
Si cYB an 542.86 (B5VilJ;powder pattern:

Fd:Fm ASTH file card # 5-565

C (A4)
*-Si2N 4  hP28 an 781.8 [B5VilJ;powder pattern:

P3lc c= 559.1 ASTH file card # 9-250

Si1 N4
I~S,4 hPl4 am 760.8 (S5vilJ;powder pattern:

P6 /a cm 291.1 ASTH file card # 29-1132

BiIN 4  33-1160
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Fig.38.1: Isothermal section observed in the system Pb -Si -N

at 2000C
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SYSTEM ANTIMONY - SILICON - NITROGEN (Sb-Si-N)

INTRODUCTION / EXPERIMENTAL

The phase equilibria of Sb-Si-N at 6000C were determined by x-ray

analysis [9OWeij.The alloys investigated in this work were prepared by

annealing in evacuated quartz tubes cold pressed powder mixtures of
SI.N. (mixture of a-Si, N. and (?-Si, N,,,58 at% Sifrom Alpha Div.,
Ventron Corp. ,USA) and antimony (4N,from Fluka N'G.Switzerland).

sINARY SYSTEMS

The phase diagrams for the system Sb-Si is given in [86Mas]. No

phase diagrams exist in the literature for Sb-N or Si-N.SiJN, exists

in two modifications: cc-SijN, and t?-Si 3,N4 (tab. 39. 1).The solubility of

nitrogen in silicon is very low [76FroJ.

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase is observed in Sb-Si-N (tab.39.1). Fig.39.1 shows

the isothermal section at 6000C in the absence of external nitrogen

pressure: Sb coexists with SI.N. in equilibrium. This agrees with
ealier literature [SBAhn].Lattice parameter measurements indicate

mutual insolubility of antimony and Si N..
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Table 39.1: Solid phases in the system Sb - Si - N

Phase / Pearson Symbol/ Lattice - Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

Sb hR2 a= 430.84 [85Vil];powder pattern:
R3m c= 1127.4 ASTM file card # 35-732
a-As (A7)

Si CF8 a= 542.86 (85Vil];powder pattern:

Fd3m ASTM file card # 5-565

C (M)

a-Si3N 4  hP28 a= 781.8 [85Vil];powder pattern:

P31c c= 559.1 ASTM file card # 9-250

P-Si N hP14 a= 760.8 (85Vi1];powder pattern:
P6 3 /m c= 291.1 ASTM file card # 29-1132

SiN 4  33-1160
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Fig.39.1: isothermal section observed in the system Bb -si - i

at G600C
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SYSTEM B14MMT SILICON -NITROGEN (31-Si-N)

INTRODUCTION /EXPERIMENTAL

The phase equilibria of 3±-Si-N at 2000C were determined by x-ray
analysis [9OWei].The alloys investigated in this work were prepared by
annealing in evacuated quartz tubes cold pressed powder mixtures of
S1:V, (mixture of ol-SiAN and 17-8i N ,58 at% Si,from Alpha Div.,Ventron
Corp.,USA) and bismuth (3N,from E.Merck,FRG).

BINARY SYSTEMS

The phase diagrams for the system Bi-Si is given in (86MasJ. No
phase diagrams exist in the literature for Bi-N or Si-N.S:N 4 exists
in two modifications: *-SI.N4, and /l-Si.N (tab.40.1).The solubility of
nitrogen in silicon as well as in bismuth is very-low [76Fro].

SOLID PHASES / ISOTHERMAL SECTIONS

No ternary phase is observed in Bi-Si-N (tab.40.1). Fig.40.1 shows
the isothermal section at 2000C in the absence of external nitrogen
pressure: Bi coexists with 513N. in equilibrium. This agrees with
caller literature (69Fel].Lattice parameter measurements indicate
mutual insolubility of bismuth and Si.N.

MISCELLANEOUS

The wetting angle of liquid bismuth on Si.N. is reported to be
G> 900 (non wetting) (65YasJ.
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Table 40.1: Solid phases in the system Ni - Si - N

Phase /Pearson Symbol/ Lattice Comments

Temperature Space group / Parameters

Range (OC) Prototype (pm)

Ni hR2 a= 454.60 (85Vil];powder pattern:

R3m c= 1186.2 ASTM file card # 5-519

a-As (A7)

Si cF8 a= 542.86 [85VilJ;powder pattern:
Fd:Fm ASTH file card # 5-565

C (M4)
CA-Si aN4 hP28 a= 781.8 LB5VilJ;powder pattern:

P3lc cc 559.1 ASTH file card # 9-250

sib N4
P -812 N4 hP14 an 760.8 [B5VilJ;powder pattern:

F6 /M cc 291.1 ASTH file card # 29-1132

SIN 33-1160
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Fiq.40.1: Isothermal section observed In the system Bi -Si -N

at 2006C
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